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In  the  present  moment  of  world  conflict  and  far-flung 
struggle  over  political  philosophies  and  ways  of  life,  science, 
especially  physical  science,  has  shown  its  greatest  magnifi¬ 
cation  of  importance.  The  man  in  the  street,  the  high  school 
and  college  student  argue  the  merits  of  air-cooled  and  liquid- 
cooled  bomber  and  fighter  engines.  They  talk  with  some 
knowledge  of  blitzkriegs  and  mechanized  divisions;  of  de¬ 
layed,  demolition,  and  incendiary  bombs;  of  concentrated 
vitamins  in  pellet,  liquid,  or  dried  food  forms  for  the  starving 
moppets  thrown  up  as  flotsam  and  jetsam  by  the  backwash  of 
war.  They  discuss  the  rapid  healing  of  shrapnel  and  machine 
gun  wounds  by  treatment  with  sulfanilamide  and  sealed,  light 
plaster  casts  as  well  as  oxygen  therapy  by  means  of  BLB 
rubber  masks  originally  designed  to  prevent  plane  blackouts  in 
a  flyer’s  plunge  from  high  to  low  altitudes,  and  now  employed 
to  relieve  shock  of  civilian  victims. 

In  the  United  States  we  move  all-out  for  total  national 
defense  and  deal  in  our  daily  talks  with  plastic  planes  and 
bombsights,  with  wind  tunnels  and  new  explosives,  with  a  vast 
new  field  of  chemistry  applied  to  medicine  and  healing,  with 
better  housing  and  nutrition  for  all  our  people  that  they  may 
be  strong  against  whatever  comes. 

In  the  face  of  this  vastly  heightened  and  intensified  interest 
in  the  physical  sciences,  Dr.  Dyer’s  book  is  most  timely.  It  is 
by  no  means  restricted  to  some  of  the  reprehensible  activities 
of  mankind  which  we  hope  represent  a  passing  phase.  It  gives, 
with  clarity,  scientific  background  and  illumination  to  many 
hundreds  of  problems  of  universal  interest. 

It  goes  further.  It  is  one  of  the  first  books  in  the  field  of  the 
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physical  sciences  in  general  education  which  offers  a  sound 
basis  to  the  student,  who  is  not  to  become  a  chemist,  for  learn¬ 
ing  in  the  classroom  and  through  reading  a  valid  lay  knowl¬ 
edge  of  the  field  and  a  layman’s  appreciation  of  it;  of  its  im¬ 
portance  in  the  daily  life  of  all  the  people  all  the  time.  It  is 
a  fresh  book;  not  an  imitation  of  the  long  line  of  chemistry 
texts  issuing  out  of  the  early  nature  study  and  natural  his¬ 
tory  courses  in  American  education  but  one  which,  rather, 
approaches  the  field  of  chemistry  with  a  sense  of  what  stu¬ 
dents  really  want  to  know  about  the  field  to  their  own  profit. 
It  is  the  first,  but  by  no  means  the  final  answer  to  the  sev¬ 
eral  questions  raised  by  many  teachers  and  institutions  over 
the  past  20  years  as  to  the  place  of  chemistry  in  general  and 
liberal  education,  as  to  materials  to  be  covered  in  an  orientation 
or  survey  course  with  or  without  subsidiary  laboratories,  and 
as  to  the  method  whereby  chemistry  might  be  so  written  and 
so  taught  that  it  would  not  leave  a  shambles  of  many  good 
students  who  “  flunked  the  course  ”  because  they  “  couldn’t 
do  science.”  Dr.  Dyer’s  book,  on  the  contrary,  well  taught 
and  well  studied  in  courses  in  general  education,  will  unques¬ 
tionably  have  the  effect  of  diminishing  the  blindness  and 
resistance  of  nonscience  students  to  this  study;  and  it  should 
increase  in  great  numbers  those  who  both  understand  and 
want  more  of  chemistry. 


Hampton  Institute 
January  16,  1941 


Malcolm  S.  MacLean 
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PREFACE 


In  writing  this  practical  survey  of  Chemistry  the  author  has 
attempted  to  follow  a  course  of  logical  development.  Since  it 
is  intended  for  students  who  are  not  specializing  in  Chemistry, 
an  obvious  effort  here  has  been  made  to  group  the  discussion 
around  the  chemical  substances  commonly  known  and  used. 
There  has  been  no  thought  of  offering  preparation  for  a  chemi¬ 
cal  career  but  constant  attention  has  been  given  to  the  business 
of  understanding  the  things  with  which  chemistry  deals. 

The  material  presented  here  follows,  with  few  exceptions, 
the  basic  outline  dealing  with  the  cultural  side  of  chemistry, 
which  the  author  has  used  in  classes  since  1926.  This  particular 
information  may  not  fit  the  needs  of  every  teacher  who  at¬ 
tempts  to  lead  a  class  in  a  survey  course  but  it  is  hoped  that 
enough  suggestions  are  given  to  make  his  task  easier. 

Expressions  of  gratitude  are  due  to  Professor  A.  L.  Vaughan, 
of  the  University  of  Minnesota,  who  has  given  freely  of  his 
time  and  efforts  to  read  the  manuscript  and  offer  suggestions, 
as  well  as  to  give  needed  encouragement;  to  Professors  Hale, 
Humphreys,  and  McLain  of  the  University  of  Arkansas  who 
have  read  the  manuscript  and  given  valuable  criticisms;  and  to 
the  many  firms  who  have  so  kindly  contributed  the  photo¬ 
graphs  used  throughout  the  text. 

W.  S.  D. 

Fayetteville,  Arkansas 
December,  1940 
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INTRODUCTION 


The  Field  of  Chemistry.  To  the  man  on  the  street  chemistry 
is  just  another  science  which  he  takes  for  granted.  Sometimes 
he  says,  “  Isn’t  it  wonderful?  ”  as  he  reads  about  the  so-called 
marvels  of  science  in  his  fat  Sunday  newspaper  which  displays 
in  vivid  words  and  pictures  the  spectacular  and  the  fantastic 
in  chemistry.  Much  of  this  material  is,  of  course,  a  sort  of 
chemistry;  but  such  articles  are  usually  quite  different  from 
an  authentic  report  on  the  progress  of  science.  Within  the  past 
fifteen  years,  however,  we  have  had  increasingly  better  treat¬ 
ment  of  science  for  laymen.  Many  books  have  been  written 
about  the  work  of  chemistry  and  about  the  great  things  which 
have  been  accomplished  through  the  application  of  chemical 
ideas  to  serve  us  all  in  our  daily  life.  Many  of  these  books  are 
sound  and  well  written.  They  are  intended  for  the  nonscien- 
tific  reader  and  naturally  do  not  try  to  explain  the  fundamen¬ 
tals  of  the  science  as  a  student  must  have  them  explained. 

It  is  common  knowledge  that  chemistry  plays  a  large  part 
in  the  production  of  useful  things  and  that  men  and  women 
trained  in  the  science  have  contributed  to  many  of  our  com¬ 
forts  of  life.  Materials  to  build  homes,  offices  and  factories,  as 
well  as  cars  and  other  useful  things:  materials  such  as  steel,  al¬ 
loys,  glass,  Portland  cement,  insulation,  synthetic  plastics,  and 
surface  coatings  such  as  paint  are  products  directly  resulting 
from  the  work  of  the  chemist.  It  is  not  at  all  difficult  to  see  the 
enormous  number  of  uses  to  which  such  substances  are  put 
in  the  modern  way  of  doing  things.  Our  high-speed  transpor¬ 
tation  systems  would  be  impossible  without  these  new  mate¬ 
rials  of  construction,  and  without  the  proper  fuels  to  supply 
the  required  energy.  Speedliners  as  well  as  the  rails  they  run 
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on,  the  engines  that  drive  them,  and  the  fuels  and  lubricants 
they  use  —  all  come  out  of  chemistry.  The  largest  transport 
planes  are  able  to  carry  heavier  loads  because  they  use  special 
gasolines  in  getting  off  of  the  ground  and  these  are  produced 
entirely  by  chemical  methods.  One  has  also  only  to  try  to 
imagine  the  world  without  modern  explosives  which  have 
blasted  out  hills,  clay  and  rocks  to  clear  the  way  for  our  many 
miles  of  beautiful  highways,  or  have  made  possible  the  enor¬ 
mous  dams  which  the  government  has  built  to  furnish  power 
and  irrigation  the  country  over.  Such  useful  explosives,  as  well 
as  those  which  help  to  rain  death  from  the  skies,  have  been 
made  possible  by  the  chemist. 

Recently  the  chemist  has  turned  his  attention  increasingly 
to  the  production,  conservation,  and  utilization  of  foods.  In 
many  sections  of  the  world  the  farms  have  worn  out,  been 
drained  of  their  chemical  plant  foods.  The  day  when  a  farmer 
could  use  up  his  soil  and  then  move  on  to  new  and  more  fertile 
land  has  passed.  Therefore  by  planned  study  and  experiment 
the  scientists  have  discovered  requirements  for  plant  growth, 
and  one  by  one  these  requirements  are  being  met  by  fertiliza¬ 
tion.  When  the  necessary  substances  are  not  found  in  nature  in 
suitable  form  to  package,  ship  and  spread  on  the  land,  the 
chemist  is  again  called  upon  to  convert  things  that  do  occur  in 
nature  into  usable  material.  Notable  examples  of  this  may  be 
found  in  the  production  of  nitrogen  compounds  from  the  ni¬ 
trogen  of  the  air  and  the  production  of  soluble  phosphate  fer¬ 
tilizers  from  the  insoluble  rock  phosphates  which  occur  in 
the  earth. 

The  need  for  proper  preservation  of  food  for  long  keeping 
or  shipping  has  brought  about  the  modern  mechanical  re¬ 
frigerator  which  uses  refrigerants  manufactured  by  chemists. 
Indeed,  the  refrigerant  which  usually  is  considered  as  the 
most  efficient  and  the  safest  of  all  those  used  was  actually 
made  to  order  in  a  chemical  laboratory.  The  tin  can,  too,  has 
been  elevated  to  a  position  of  importance.  By  careful  study 
and  planned  experiment  this  method  of  food  preservation  has 
made  possible  a  uniform  supply  of  food  throughout  the  year 
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Fig.  1.  Chemistry  Controls  Glass  Production 

The  “  batch  ”  must  be  kept  at  high  chemical  purity  in  order  to  produce 
glass  which  will  pass  rigid  inspection.  This  photograph  shows  scientists  at 
work  in  the  Libbey-Owens-Ford  Glass  Company  laboratory  in  Toledo, 
Ohio. 


which  is  almost  entirely  free  from  the  dangers  encountered 
only  a  few  years  ago. 

One  of  the  most  interesting  fields  of  study  and  experiment 
has  to  do  with  the  body  processes.  Each  year  we  learn  more 
about  how  our  body  works  and  why  it  stops  working.  In  this 
new  knowledge  the  function  of  the  food  we  eat  has  taken 
on  a  tremendous  importance.  We  now  have  available  consid¬ 
erable  information  on  the  nature  and  the  cause  of  disease  and 
in  some  instances  specific  remedies  have  been  produced  which 
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will  probably  bring  about  the  complete  eradication  of  some 
of  our  most  dreaded  ailments.  Thus  the  chemically  produced 
vitamins  are  protecting  and  building  health  while  new  chemi¬ 
cal  drugs  like  sulfanilamide  help  to  cure  some  old  and  for¬ 
merly  stubborn  diseases  and  one  of  its  near  relatives,  sulfapyri- 
dine,  is  making  some  types  of  pneumonia  less  deadly. 

We  also  owe  much  to  those  chemists  who  serve  as  watch¬ 
dogs  over  things  we  buy  and  use  every  day.  Some  of  these 
are  employed  by  the  producers  in  order  that  they  may  make 
us  a  better  product.  Others  are  hired  by  the  government  to 
enforce  minimum  standards  of  value,  purity,  and  stability.  In 
other  cases  we  are  constantly  indebted  to  them  as  chemists  for 
helping  to  make  possible  a  more  abundant  life. 

It  is  not  intended  to  give  the  impression  that  all  chemists 
are  busy  making  practical  things  or  that  in  their  laboratories 
and  studies  they  reject  all  things  whose  uses  are  not  at  once 
apparent.  This  is  far  from  the  actual  truth.  Man’s  knowledge 
is  never  so  far  advanced  that  he  can  at  once  determine  whether 
a  new  thing  is  useful  in  one  or  many  ways.  He  must  first  learn 
all  that  he  can  about  a  new  substance.  Many  times,  moreover, 
the  chemist  himself  fails  to  see  any  use  for  the  thing  he  has 
studied,  but  he  does  take  the  time  to  make  a  careful  record  of 
what  he  has  learned.  Frequently  the  person  of  practical  mind 
who  knows  little  chemistry  reads  the  chemist’s  report.  Sensi¬ 
tive  to  what  we  want  or  to  what  the  manufacturers  are  looking 
for,  he  makes  the  application  of  the  new  knowledge.  Thus  new 
industries  spring  up  and  the  seemingly  useless  labor  of  the 
chemist  becomes  translated  into  human  value. 

The  way  in  which  a  chemist  or  anyone  else  learns  about 
things  is  sometimes  complex  and  hard  to  follow.  The  method 
he  employs  will  depend  upon  what  he  wants  to  find  out  as 
well  as  upon  his  individual  interests.  We  have  examples  of 
such  diversity  all  about  us.  Let  us  imagine  a  group  of  people 
looking  at  an  oil  painting  which  is  surrounded  by  a  frame 
of  beautiful  wood.  We  know  that  many  persons  will  be  con¬ 
cerned  only  with  the  artistic  effect  produced.  On  the  other 
hand  there  are  others  who  possess  great  curiosity  and  they  are 


THE  FIELD  OF  CHEMISTRY 


5 


not  so  easily  satisfied.  One  may  be  interested  in  the  wood  of 
the  frame  and  consciously  or  unconsciously  his  mind  will  wan¬ 
der  to  questions  concerning  the  chemical  composition  of  the 
wood  and  what  its  behavior  will  be  under  different  conditions 
of  chemical  treatment.  It  was  such  unsatisfied  curiosity  that 
caused  one  man  to  wonder  how  a  silk  worm  could  eat  mul¬ 
berry  leaves,  change  the  leaf  fiber  within  its  body  by  diges¬ 
tion,  and  then  spin  silk.  He  tried  to  produce  the  same  change 
of  fiber  to  silk  in  his  laboratory  and  finally  did  make  a  filament 
which  could  be  used  for  textiles.  His  early  work  was  crude 
and  was  far  from  the  present  day  production  of  beautiful 
“  rayon  ”  fabrics  made  from  wood. 

Another  person  looks  at  our  picture.  He  appreciates  its 
beauty  but  his  curiosity,  too,  goes  deeper.  The  effects  are 
produced  by  pigments  and  he  begins  to  wonder  what  they 
are.  Some  are  made  from  natural  minerals  and  others  are  syn¬ 
thetic.  The  reproduction  of  true  colors  is  a  difficult  thing. 
Light,  air,  and  age  have  their  effects  upon  many  colors.  There 
are  ever  so  many  questions  about  these  things.  The  oils  mixed 
with  the  pigments  have  their  part  in  the  picture,  too,  and  he 
wonders  how  the  artist  controlled  the  drying.  If  the  observer 
is  a  chemist  he  may  think  of  all  these  things  in  terms  of  experi¬ 
ments  whereby  truer  colors  and  more  lasting  paints  may  re¬ 
sult.  If  he  is  a  manufacturer  he  may  be  inspired  to  seek  more 
artistic  color  effects  for  his  products  or  he  may  demand  that 
more  durable  finishes  be  placed  upon  them. 

Thus  in  considering  one  object,  a  painting,  we  may  get  the 
artist,  the  art  lover,  the  scientist,  the  manufacturer,  the  adver¬ 
tiser  and  the  salesman  all  looking  at  different  angles  of  the 
same  thing.  We  may  ask  the  question  then  as  to  how  we  are 
going  to  classify  things  that  interest  men  into  the  practical,  the 
esthetic,  and  the  theoretical.  The  fact  that  something  has  no 
use  today  does  not  mean  that  many  uses  may  not  be  found  for 
it  tomorrow.  It  is  almost  certain  that  no  uses  will  be  found, 
however,  unless  someone  is  curious  enough  to  learn  all  he 
can  about  that  thing. 

Chemistry  has  to  do  with  all  questions  concerning  the  com- 


6 


INTRODUCTION 


position  of  material  and  with  any  changes  in  composition 
which  substances  may  undergo.  Thus  iron  ore  is  converted 
to  iron;  wood  is  converted  into  fabric  for  clothing;  coal  tar 
is  converted  in  part  to  many  brilliant  dyes  and  in  part  to 
medicines;  cornstarch  is  converted  to  table  syrup  or  explo¬ 
sives;  and  limestone  together  with  salt,  water,  and  coal  fur¬ 
nish  the  necessary  raw  material  for  the  production  of  an  arti¬ 
ficial  rubber.  What  such  things  are,  how  they  are  made  up, 
and  how  they  behave  in  the  presence  of  other  material  and 
under  various  conditions  such  as  heat  or  cold  and  weather 
is  the  very  heart  of  the  science  of  chemistry.  The  chemist, 
then,  is  a  man  or  woman  who  is  always  insatiably  curious  about 
how  substances  are  made  and  how  they  change. 

Changing  iron  ore  into  iron  requires  a  lot  of  energy  in  the 
form  of  heat,  while  the  production  of  aluminum  from  its  ore 
demands  tremendous  quantities  of  energy  in  the  form  of  elec¬ 
trical  power.  The  production  of  heat  energy  by  the  burning 
or  combustion  of  fuels  has  been  observed  by  everyone.  The 
combustion  of  fuels  within  our  bodies  accounts  for  our  bodilv 
warmth  as  well  as  for  the  energy  which  we  expend  during  our 
entire  life.  So  long  as  this  machine,  which  burns  food  for  fuel, 
functions  properly  we  are  physically  happy,  but  even  small 
upsets  in  the  chemical  processes  within  our  bodies  may  shoot 
our  temperature  up,  give  us  a  chill,  cause  considerable  pain 
as  in  cramps  or  stomach-ache,  stuff  up  our  breathing  with 
asthma,  or  may  even  kill  us.  Murder  by  poison  is,  of  course, 
murder  by  chemistry.  Thorough  investigation  has  established 
the  fact  that  all  changes  in  composition  which  substances  may 
undergo  either  produce  energy  in  some  form  or  require  en¬ 
ergy  in  order  that  they  may  take  place.  Thus  chemistry  is 
necessarily  also  interested  in  these  energy  changes  which  al¬ 
ways  accompany  changes  in  composition. 

There  are  some  things  already  known  that  simplify  some¬ 
what  the  work  of  the  chemist.  In  many  instances  these  known 
things  are  summarized  as  laws.  Just  as  the  law  of  gravitation 
in  physics  expresses  the  behavior  of  a  body  with  respect  to 
the  earth  or  to  another  body,  so  there  are  other  statements 
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of  fact  which  express  chemical  phenomena.  These  statements 
which  have  been  devised  through  the  years  and  which  have 
to  do  with  the  changes  in  the  composition  of  things  are  called 
chemical  laws.  A  scientific  law  is  not  like  a  civil  or  criminal 
law.  No  legislature  can  pass  it,  no  police  are  needed  to  enforce 
it;  yet  it  always  works  and  is  never  violated.  Its  formulation 
is  a  very  slow  process.  Only  after  years  of  study,  experiment, 
and  checking  the  work  of  many  investigators  may  the  first 
attempt  be  made  to  express  a  chemical  law.  And  there  are 
many  yet  to  be  found  and  stated  because  even  though  they 
have  not  been  investigated  we  are  certain  that  there  are  rules 
of  behavior,  or  laws,  governing  every  chemical  process. 

Chemistry  in  a  General  Education.  So  much  of  what  we 
know  or  can  learn  about  things  falls  within  the  scope  of  chem¬ 
istry  that  it  is  not  only  worth  a  great  deal  but  it  is  probably 
wholly  necessary  for  every  educated  person  to  know  some¬ 
thing  about  this  science.  For  those  who  plan  to  use  its  methods 
and  the  results  as  chemists,  or  chemical  engineers,  there  is  a 
long  and  rigorous  period  of  training  through  which  they  must 
successfully  pass  and  this  must  be  followed  by  continual  life¬ 
long  study  which  must  never  be  slackened.  But  to  the  great 
majority  of  persons  such  training  has  no  appeal  because  they 
are  interested  in  and  able  to  do  other  important  jobs.  However, 
these  persons  may  easily  develop  an  appreciation  for  the  sci¬ 
ence  of  chemistry.  To  enjoy  good  literature  one  must  read 
widely,  know  something  of  the  background  involved,  and 
must  spend  considerable  time  with  books  but  does  not  have 
to  become  a  writer.  In  a  like  manner  one  may  learn  to  appre¬ 
ciate  music,  history,  philosophy,  and  all  the  other  branches 
of  achievement  and  knowledge  which  make  for  a  rounded, 
full,  and  satisfying  life.  In  every  case  a  certain  amount  of  exact 
study  of  one  kind  or  another  is  required  before  a  real  appre¬ 
ciation  is  developed.  So  it  is  with  chemistry.  It  is  necessary  to 
spend  some  time  learning  the  methods  by  which  science  works 
in  laboratories  and  factories  as  well  as  the  processes  of  deduc¬ 
tion,  thinking  and  study  which  are  at  the  foundation  of  chem¬ 
istry  in  order  that  one  may  appreciate  the  practical  applica- 
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tions  that  have  produced  most  of  the  useful  and  beautiful 
things  we  enjoy. 

To  some,  the  study  of  chemistry  is  sufficient  reward  within 
itself.  But  chemistry  is  really  important  because  it  touches 
many  fields  of  men’s  activity.  Some  call  it  merely  a  service 
science  because  it  contributes  to  greater  achievement  in  the 
other  sciences.  It  gives  aid  to  astronomy,  biology,  geology, 
medicine,  pharmacy,  agriculture,  economics,  engineering,  and 
to  government.  Whether  one  realizes  it  or  not,  chemistry  is 
involved  in  almost  everything  seen,  handled,  or  used  during 
the  day.  In  consequence  every  one  of  us  knowingly  or  not  has 
been  building  up  a  gradual  knowledge  of  chemistry  since 
early  childhood.  Of  course,  this  knowledge  may  have  been 
disorganized  and  entirely  lacking  in  any  relationships  which 
give  real  meaning  to  the  information.  Therefore,  for  many,  the 
inclusion  of  a  survey  of  chemistry  in  their  school  or  college 
course  of  study  will  tie  this  unorganized  knowledge  together, 
open  up  new  fields  of  thought,  and  give  new  and  thrilling 
meaning  to  life  in  general. 


a/j/er  2 


THE  BACKGROUND  OF  CHEMISTRY 


Records  of  the  Past.  In  order  really  to  appreciate  the  pres¬ 
ent  position  and  importance  of  chemistry  we  should  spend  a 
little  time  looking  back  over  the  history  of  its  development. 
The  organized  science  of  today  is  the  result  of  countless  years 
during  which  innumerable  facts  have  been  added  to  the  com¬ 
mon  knowledge.  Through  the  ages  many  men  have  sought 
for  and  found  relationships  between  certain  of  these  facts. 
The  organized  knowledge  so  resulting  is  known  as  the  science 
of  chemistry. 

The  written  records  to  which  we  have  access  are  in  many 
cases  obscure  and  one  cannot  always  be  sure  of  their  meaning. 
However,  we  can  be  sure  that  written  history  covers  but  a 
very  short  space  in  the  life  of  mankind.  It  becomes  necessary, 
therefore,  if  we  are  to  trace  chemistry  to  somewhere  near  its 
beginning,  to  rely  upon  evidence  in  the  form  of  materials  used 
by  men  and  dug  from  the  remains  of  long-buried  civilizations. 
We  hope  that  the  articles  which  they  made  in  those  early  days 
reflected  what  they  knew  about  things  in  general  and  it  is  upon 
this  hope  that  we  build  our  own  ideas  of  their  civilization.  Even 
so,  such  a  method  can  lead  only  to  a  meager  conception  of  their 
life  and  ways  of  doing  and  thinking,  and  to  an  approximate 
date  of  their  existence.  Frequently  such  evidence  as  is  dug 
from  buried  relics  of  buildings,  from  elaborate  tombs  or  simple 
shallow  graves  or  from  ash  heaps  can  be  dated  no  closer  than 
a  thousand  years  to  its  real  age.  In  many  cases,  however,  rather 
exact  estimates  of  age  enable  us  to  arrive  at  the  culture  of  a 
certain  period  of  time. 

At  the  present  time  we  are  not  interested  in  the  politics  or 
architecture  of  early  man  but  we  are  interested  in  those  things 
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which  he  used  that  have  some  connection  with  chemistry. 
Naturally,  the  articles  usually  found  are  of  metal,  pottery, 
glass,  cement,  pigments,  and  dyed  cloth.  The  oldest  findings 
are  of  gold  but  this  does  not  help  us  in  the  search  for  the  roots 
of  chemical  knowledge  because  this  element  occurs  as  the  free 
metal  in  many  parts  of  the  world  and  many  things  may  be 
shaped  from  it  merely  by  pounding.  It  is  evident  that  as  early 
as  3000  b.c.  man  knew  about  copper,  tin,  lead,  and  iron  which 
have  to  be  dug  as  ore  and  subjected  to  chemical  treatment  be¬ 
fore  they  can  be  used.  Moreover,  men  this  early  had  learned  to 
make  alloys  by  melting  certain  of  these  together.  The  use  of 
bronze  (a  mixture  of  copper  and  tin)  during  this  time  has  been 
fully  established.  No  iron  has  been  found  which  dates  back 
further  than  3000  b.c.  but  this  does  not  mean  this  metal  was 
not  used  at  an  earlier  time.  We  presume  that  any  iron  older 
than  5000  years  would  have  long  ago  returned  to  the  oxide 
(rust)  by  the  natural  chemical  process  of  rusting.  The  knowl¬ 
edge  concerning  iron  was  sufficiently  advanced  by  1300  b.c. 
to  enable  the  Egyptians  to  make  high-grade  steel  and  this  im¬ 
plies  that  men  had  had  a  very  long  experience  with  the  metal. 
It  seems  clear  that  even  in  this  early  time  some  knowledge  of 
smelting  ores  existed. 

Early  man’s  first  practical  chemical  interests  must  have  cen¬ 
tered  upon  those  substances  known  as  the  metals  because  they 
are  strong,  tough  and  lasting  and  may  be  shaped  more  or  less 
easily  for  use.  The  word  “  metal  ”  originally  meant  “  the 
mines  ”  and  only  later  was  used  to  indicate  the  product  ob¬ 
tained  from  the  mines.  Early  man  related  all  things  to  his 
religion.  Hence  metals,  being  obtained  from  the  interior  of 
the  earth  which  they  conceived  as  a  god,  had  an  especially 
close  relation  to  religion.  They  looked  at  the  appearance  of 
each  metal  and  found  it  slightly  different  from  that  of  the 
others.  They  observed  that  the  behavior  of  each  metal  when 
it  was  heated,  pounded,  or  pulled  was  peculiar  to  itself.  Link¬ 
ing  these  observations  with  their  religious  beliefs  they  set  up 
a  sort  of  classification  of  the  metals  based  upon  their  properties. 
Because  seven  was  a  number  with  religious  or  superstitious  sig- 
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nificance  the  number  of  the  metals  was  limited  in  the  mind 
of  early  man  to  seven.  So  set  were  they  on  this  belief  that  any 
new  material  found  was  classified  not  as  a  new  metal  but  as  one 
of  these.  One  of  their  early  lists  of  metals  was  further  super- 
stitiously  identified  with  the  sun  and  planets;  Gold  (for  the 
sun),  Silver  (for  the  moon),  Electrum,  an  alloy  of  gold  and 
silver  (for  Jupiter),  Iron  (for  Mars),  Copper  (for  Venus), 
Tin  (for  Mercury),  and  Lead  (for  Saturn).  Later  the  alloy 
electrum  was  dropped  from  the  list  and  the  pure  element  we 
call  mercury  was  added.  The  order  was  shifted  so  that  tin  was 
assigned  to  Jupiter  and  this  new  element  was  assigned  to  Mer¬ 
cury.  Strange  as  it  may  seem,  this  classification  held  for  cen¬ 
turies  and  even  though  new  metals  were  discovered  they  were 
classed  as  one  of  the  above.  The  reason  for  doing  this  seemed 
to  rest  in  the  idea  that  the  properties  of  the  metals  depended 
upon  the  relative  amounts  of  earth,  air,  fire,  and  water  which 
were  associated  in  them.  Even  in  the  sixteenth  century  a.d.  a 
worker  in  alchemy  by  the  name  of  Paracelsus  wrote,  “  There 
are  many  kinds  of  gold  just  as  there  are  many  kinds  of  apples 
or  pears.”  The  list  of  seven  metals  given  above  together  with 
sulfur  and  carbon  includes  all  the  elements  known  at  the  begin¬ 
ning  of  the  Christian  era. 

Articles  of  glass  dating  back  to  the  earliest  times  indicate  the 
use  of  this  material  in  China,  India,  and  Egypt.  The  story 
of  the  discovery  of  glass  as  told  in  early  writings  places  its 
origin  in  the  dry  regions  of  Egypt  where  rock-like  deposits 
of  sodium  carbonate  served  as  an  article  of  commerce.  Ships 
loaded  with  this  substance  were  supposed  to  have  been 
wrecked  along  the  sand  coast  and  the  sailors,  it  is  thought, 
built  fires  behind  low  walls  of  these  stones  which  served  to 
shield  the  flames  from  the  wind.  The  heat  caused  the  sand 
and  the  sodium  carbonate  to  melt  together  with  the  produc¬ 
tion  of  a  type  of  glass  which  the  sailors  observed.  The  manu¬ 
facture  of  much  glass  today  employs  sand,  and  sodium  car¬ 
bonate  along  with  certain  other  material. 

During  the  normal  progress  of  primitive  man  he  became 
acquainted  with  pottery,  woven  cloth,  pigments,  and  certain 
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vegetable  dyes.  These  things  were  probably  accepted  for 
what  they  appeared  to  be  and  no  thought  was  given  to  their 
composition  or  to  their  chemical  properties.  Surely  a  consid¬ 
erable  amount  of  knowledge  was  accumulated  but  each  fact 
was  sufficient  unto  itself  with  no  relation  to  other  facts.  The 
writings  which  have  been  handed  down  from  the  time  of 
Christ  show  that  many  rule-of-thumb  recipes  for  alloys,  glass, 
and  other  things  were  recorded  but  no  organized  science  of 
chemistry  existed  even  in  infant  form. 

The  Age  of  the  Philosophers.  There  is  definite  evidence 
that  the  sixth  century  b.c.  witnessed  a  wave  of  scholarly 
achievement  throughout  the  civilized  world.  The  roads  of 
learning  all  seemed  to  come  together  in  the  country  of  Greece 
and  it  was  there  that  the  great  philosophers  developed.  These 
men  speculated  much  with  their  fine  minds  on  the  world  and 
its  meaning.  Ideas  concerning  the  nature  of  matter  began  to 
occupy  them  with  the  result  that  much  of  their  writings  dealt 
upon  this  subject.  Probably  the  greatest  thinker  of  the  period 
was  Aristotle  (384-322  b.c.)  who  was  also  an  indefatigable 
writer.  In  his  writings  one  finds  listed  and  systematically  de¬ 
scribed  all  that  he  could  learn  of  the  knowledge  accumulated 
by  men  until  his  time.  Much  of  this  may  have  been  summarized 
from  reports  and  writings  of  others  and  he  seems  to  have  had 
little  interest  in  proving  experimentally  whether  or  not  any 
portion  of  it  was  true. 

From  the  point  of  view  of  chemistry  we  are  interested  in 
the  contention  of  Aristotle  that  there  are  four  primary  ele¬ 
ments:  earth,  air,  fire,  and  water.  These,  he  proposed,  are 
formed  by  combinations  of  the  four  qualities:  hot,  cold,  wet, 
and  dry.  In  his  mind  fire  was  the  combination  of  hot  and  dry 
while  water  was  the  combination  of  cold  and  wet.  Because 
Aristotle  failed  to  consider  the  possibility  of  water  being  hot 
and  wet,  as  well  as  cold  and  wet,  his  statement  remained  un¬ 
questioned  by  other  men  for  two  thousand  years.  Such  ideas 
and  such  a  persistent  belief  in  them  may  appear  childish  in  the 
light  of  our  modern  experimental  knowledge.  In  that  time, 
however,  even  the  great  thinkers  failed  to  recognize  the  fal- 
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lacy  of  their  method  of  thinking.  In  the  minds  of  these  philoso¬ 
phers  all  knowledge  could  be  gained  by  pure  thought  alone. 
Hence  experiment  was  not  only  unnecessary  but  it  was  be¬ 
neath  their  dignity.  This  mistake  —  the  use  of  reason  without 
experiment  —  held  the  progress  of  science  at  a  standstill  for 
two  thousand  years.  As  late  as  1700  a.d.  many  men  considered 
things  true  just  because  Aristotle  had  recorded  them  as  such 
and  no  one  thought  it  worth  while  to  test  their  validity  or, 
if  one  did,  quite  dared  to  make  the  test. 

The  Alchemists  and  the  Origin  of  Chemistry.  The  cen¬ 
ter  of  knowledge  shifted  from  Greece  to  Egypt  about  the 
third  century  b.c.  and  in  the  hands  of  the  Egyptians  a  certain 
type  of  experiment  thrived.  No  great  philosophical  thought 
prompted  them,  but  curiosity  and  practical  trade  considera¬ 
tions  did.  Certain  persons  of  the  time  thought  poorer  people 
would  buy  things  made  of  cheap  metal  if  they  could  be  made 
to  look  like  the  costly  ones.  They  set  about  to  imitate  the 
noble  metals  and  soon  cheap  imitations  found  ready  buyers 
among  the  poorer  classes  who  were  unable  to  possess  the  real 
articles  of  gold  and  silver.  This  business  of  making  things  to 
look  like  gold  became  a  profession  for  some  and  probably 
served  as  a  profitable  source  of  income  in  many  instances. 
Naturally,  those  who  lived  by  this  means  clothed  their  work 
in  the  greatest  of  secrecy  —  like  some  manufacturers  today 
who  advertise  “  secret  ”  processes  and  formulas  —  and  per¬ 
mitted  a  veil  of  mystery  to  surround  them.  Somehow  the  name 
Chemeia,  and  later  Alchemeia,  became  applied  to  this  art  with¬ 
out  any  known  reason.  Undoubtedly,  Egypt  was  its  birth¬ 
place  and  some  think  that  the  name  Chemeia  referred  to  the 
black  soil  of  the  Nile  valley.  It  was  then  the  art  of  the  black 
country,  or  possibly,  the  black  art,  because  it  was  so  secretive. 
At  any  rate  the  control  of  the  methods  used,  even  though  prac¬ 
tical  and  experimental,  still  was  linked  with  religion  and  rested 
with  the  priests  so  that  only  the  initiated  were  permitted  to 
learn  their  processes. 

The  old  ideas  of  Aristotle  prevailed.  Many  workers  believed 
that  the  only  differences  between  lead  and  gold  lay  in  certain 
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properties  which  were  common  to  the  one  and  not  to  the 
other.  They  thought,  therefore,  that  by  removing  some  prop¬ 
erties  of  lead  and  adding  some  properties  of  gold  it  was  pos¬ 
sible  to  convert  lead  into  gold.  Because  of  this  idea  there  arose 
the  group  of  alchemists  who  for  fifteen  centuries  attempted 
what  modern  chemistry  knows  to  be  the  futile  task  of  trans¬ 
muting  the  baser  metals  into  the  noble  ones.  Their  constant  ex¬ 
perimentation  driven  by  the  lust  for  gold,  entirely  disorganized 
as  it  was,  nevertheless  brought  to  light  many  scientific  facts. 
But  whenever  any  of  these  were  recorded  secrecy  was  main¬ 
tained  and  the  language  used  was  entirely  void  of  any  meaning 
to  the  usual  reader. 

By  the  sixth  century  a.d.  another  idea,  that  of  the  philoso¬ 
pher’s  stone,  had  crept  into  the  thinking  of  those  who  studied 
nature.  This  was  believed  to  be  a  most  wonderful  and  power¬ 
ful  substance  which  acted  as  a  yeast  or  a  ferment  and  could  of 
itself  bring  about  the  transmutation  of  lead  or  of  mercury 
into  gold.  Gradually  this  mythical  material  began  in  the  imagi¬ 
nation  of  men  to  take  on  added  powers  and  by  the  thirteenth 
century  it  possessed  the  ability  to  prolong  life.  Thus  it  also 
became  known  as  the  elixir  of  life.  Naturally,  all  manner  of 
means  were  tried  to  find  it  or  produce  it.  Some  even  claimed  to 
have  found  the  secret  but  were  careful  never  to  give  it  away. 

It  is  small  wonder  that  by  the  fourteenth  century  the  al¬ 
chemists  were  under  suspicion  or  branded  as  frauds.  Like  fake 
mining  companies  today  or  crooks  who  “  borrow  ”  money 
from  easily  influenced  persons  on  the  promise  that  they  will 
share  in  a  mythical  estate,  these  fellows  had  lured  prominent 
people  to  support  them  and  buy  them  expensive  materials 
on  the  promise  that  they  were  “  just  around  the  corner  ”  from 
the  discovery  of  how  to  make  gold  in  abundance.  The  church, 
the  populace,  and  the  kings  turned  against  them.  They  were 
forbidden  by  law  to  engage  in  their  efforts.  But  every  king 
kept  a  few  of  the  sharper  ones  on  his  pay  roll  to  serve  him 
just  in  case  anything  ever  came  from  their  work. 

The  Development  of  the  Scientific  Method.  An  extraor¬ 
dinary  interest  in  the  physical  universe  began  to  develop  rap- 
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idly  about  the  thirteenth  century.  Roger  Bacon  (1214-1294), 
who  was  a  progressive  thinker  of  the  time,  first  disputed  the 
authority  of  Aristotle  and  expounded  upon  the  unworthiness 
of  pure  thought.  He  insisted  that  one  must  learn  the  truths  of 
nature  first  hand  by  doing  experiments.  It  was  three  centuries 
later  that  a  man  known  as  Paracelsus,  who  was  trained  in  medi¬ 
cine  and  in  chemistry,  contended  that  chemists  should  forget 
to  look  for  the  philosopher’s  stone  and  prepare  medicine  for 
the  sick  and  that  the  medical  profession  should  look  to  chem¬ 
istry  for  help  in  medical  practice.  Paracelsus  was  not  the  kind 
of  man  one  would  like  him  to  have  been  and  his  questionable 
behavior  got  him  into  no  end  of  trouble  but  there  is  no  doubt 
that  he  did  start  chemistry  on  the  road  toward  being  a  useful 
science. 

By  the  last  of  the  seventeenth  century  this  small  beginning 
of  scientific  thought  had  grown  considerably.  The  outstand¬ 
ing  worker  of  this  period  was  Robert  Boyle  (1627-1691), 
whose  thoughts  and  efforts  were  probably  the  first  ever  to  be 
employed  primarily  in  the  noble  pursuit  of  investigating  na¬ 
ture.  He  approached  his  work  with  a  mind  unbiased  by  pre¬ 
vious  writers  and  did  not  care  what  had  been  written  by  Aris¬ 
totle.  He  preserved  an  attitude  of  real  scientific  skepticism 
toward  all  generally  accepted  theories.  In  his  best  known  work, 
entitled  The  Spring  of  the  Air ,  he  described  his  experiments 
having  to  do  with  the  effect  of  pressure  upon  an  enclosed  vol¬ 
ume  of  air.  In  this  planned  study  he  proceeded  in  a  manner 
contrary  to  the  idea  of  the  philosophers.  He  attempted  to 
compile  a  large  number  of  experimental  facts.  Then  by  a  care¬ 
ful  examination  of  these  facts  he  was  able  finally  to  deduce  the 
law  which  bears  his  name  and  which  is  a  basic  one  in  science. 
He  discovered  that  the  volume  occupied  by  an  enclosed  quan¬ 
tity  of  a  gas  is  inversely  proportional  to  the  pressure  applied  so 
long  as  the  temperature  does  not  change. 

The  first  and  second  steps  in  what  has  come  to  be  known 
as  the  scientific  method  were  demonstrated  by  this  work  of 
Boyle.  Generally  this  process  involves  four  distinct  steps.  The 
first  consists  in  the  collection  of  a  large  number  of  experimen- 
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tal  facts.  In  the  second  the  experimenter  formulates  a  general 
law  in  the  light  of  the  facts  at  hand.  After  many  laws  have  been 
expressed,  it  is  sometimes  possible  but  difficult  to  take  the  third 
step  and  to  propose  a  theory  to  account  for  the  behavior  de¬ 
scribed  by  the  laws.  The  fourth,  which  attempts  to  establish 
the  theories  as  truths,  is  the  last  and  most  difficult  step. 

The  Beginning  of  Modern  Chemistry.  The  work  of  Boyle 
opened  the  way  for  others  and  both  stimulated  and  excited 
them.  It  led  to  a  general  consideration  of  the  air,  both  physi¬ 
cally  and  chemically.  Then,  as  now,  a  new  discovery  of  great 
importance  drew  other  workers  into  the  same  field  of  investi¬ 
gation.  With  their  varied  interests  and  attitudes  they  were 
able  to  approach  the  study  from  different  viewpoints  and 
when  gathered  together  as  a  whole  their  work  was  of  great 
value.  There  were  but  few  workers  in  those  days  and  it  took 
a  long  time  to  obtain  results,  but  beginning  with  Boyle  the 
advance  of  chemistry  was  as  sure  and  as  definite  as  was  hu¬ 
manly  possible. 

Outstanding  investigations  followed  those  of  Boyle.  Men 
probed  the  nature  and  the  cause  of  combustion,  the  rusting 
of  iron  and  other  metals,  and  human  breathing.  In  their  en¬ 
thusiasm  they  evolved  a  theory  which  sought  to  explain  all 
these  things  which  had  been  observed.  Because  of  the  appear¬ 
ance  of  the  flame  during  burning  it  was  proposed  that  a  fluid 
flowed  out  of  the  object  being  consumed  by  the  fire  and  to 
this  fluid  they  gave  the  name  phlogiston.  Later  it  was  pointed 
out  that  all  the  products  (gas,  ashes,  smoke,  etc.)  of  combus¬ 
tion  weighed  more,  when  taken  together,  than  did  the  original 
substance  before  it  was  burned.  One  would  suppose  that  this 
would  have  destroyed  the  idea  of  phlogiston.  But  not  so;  it 
only  changed  the  idea.  It  was  then  proposed  that  phlogiston 
was  a  fluid  having  a  buoyant  effect.  Substances  containing 
this  fluid  would  then  weigh  less  than  they  would  after  the 
phlogiston  had  flowed  out  during  burning. 

In  the  year  1774,  Joseph  Priestley,  an  English  clergyman, 
discovered  the  gas  which  is  now  called  oxygen  but  which  he 
called  “  dephlogisticated  ”  air.  He  explained  that  burning 


SUMMARY 


17 


took  place  in  this  gas  so  readily  because  it  served  as  a  reservoir 
into  which  the  phlogiston  from  other  substances  could  flow. 
Soon  after  the  discovery  of  this  gas,  Lavoisier,  a  French  sci¬ 
entist,  saw  the  real  relationship  between  air  and  burning  and 
it  was  he  who  gave  the  world  the  modern  conception  of  com¬ 
bustion.  Since  his  time  the  progress  of  chemistry  has  proceeded 
with  ever-increasing  speed  but  even  to  this  day  many  of  the 
ideas  of  Lavoisier  are  accepted  as  truths  and  are  upheld  by  sci¬ 
entific  facts.  It  is  no  wonder  then  that  Lavoisier  is  usually  con¬ 
sidered  the  “  father  of  modern  chemistry.” 

SUMMARY 

The  earliest  records  of  chemical  knowledge  are  those  which 
have  been  dug  from  ancient  ruins,  tombs,  and  ash  heaps  whose 
age  can  be  approximated  only.  Trinkets  of  gold  which  are 
found  in  the  early  remains  tell  us  nothing  of  the  chemical 
knowledge  possessed  by  those  people  because  gold  was  found 
as  the  free  element  and  could  be  shaped  by  pounding.  Ves¬ 
sels  of  tin,  lead,  and  iron  as  well  as  those  of  brass  which  have 
been  found  indicate  an  advanced  experience  in  metal  working 
since  these  metals  were  obtained  from  their  ores  through 
chemical  processes. 

The  earth  was  closely  connected  with  the  religion  of  ancient 
times  and  all  of  the  metals  taken  from  the  earth  were  accorded 
religious  significance.  The  number  seven  was  strangely  wor¬ 
shipped  and  only  seven  metals  were  believed  to  exist.  These 
seven  were  named  for  the  sun,  moon,  and  planets  as  follows: 
gold  for  the  sun;  silver  for  the  moon;  tin  for  Jupiter;  mercury 
for  Mercury;  iron  for  Mars;  copper  for  Venus;  and  lead  for 
Saturn.  Each  of  these  metals  was  thought  to  possess  its  prop¬ 
erties  because  of  the  relative  amounts  of  earth,  air,  fire,  and 
water  which  it  contained.  Only  two  other  elements,  sulfur  and 
carbon,  were  known  at  the  time  of  Christ.  Though  many  rule- 
of-thumb  recipes  for  alloys,  glass,  and  medicines  existed  there 
was  no  organized  chemical  knowledge. 

During  the  fifth  and  fourth  centuries  b.c.  the  Greek  phi- 
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losophers  speculated  concerning  the  nature  of  the  universe, 
Aristotle  was  the  outstanding  one  of  these  and  he  is  best  re¬ 
membered.  He  believed  that  pure  thought  alone  was  enough 
to  solve  the  questions  of  the  time  and  looked  down  upon  ex¬ 
periment  as  undignified.  His  ideas  prevailed  for  two  thousand 
years  after  him. 

Chemical  knowledge  became  available  to  the  Egyptians  dur¬ 
ing  the  third  century  b.c.  and  with  them  experiment  thrived. 
It  was  in  Egypt  that  the  term  alchemist  originated  and  it  is 
supposed  to  have  reference  to  the  black  soil  of  that  country. 
Those  who  practised  the  art  were  quite  secretive  and  control 
of  it  was  in  the  hands  of  the  priests. 

During  the  sixth  century  a.d.  the  idea  of  a  philosopher’s 
stone  came  into  being.  This  was  a  substance  which  was  thought 
capable  of  turning  the  base  metals  into  gold.  By  the  thirteenth 
century  this  same  fantastic  material  was  believed  to  have  the 
power  of  giving  everlasting  life  and  was  called  the  elixir  of 
life.  The  frauds  resulting  from  such  ideas  as  these  brought  the 
alchemists  into  disrepute  and  the  practice  of  their  art  was 
outlawed. 

The  first  scientific  thinker  was  Roger  Bacon  who  lived  in 
the  thirteenth  century.  He  outlined  the  ideals  of  the  scientific 
method.  Three  centuries  later  Paracelsus  caused  the  physicians 
to  turn  to  chemistry  for  help  and  started  the  chemists  on  the 
road  toward  usefullness.  The  beginning  of  chemical  science  is 
traced  directly  to  Robert  Boyle  who  in  the  seventeenth  cen¬ 
tury  planned  and  carried  out  researches  according  to  the  scien¬ 
tific  method.  His  best  known  work  had  to  do  with  the  effect 
of  pressure  on  an  enclosed  volume  of  air. 

Soon  after  Boyle  a  great  amount  of  investigation  was  done. 
The  idea  of  phlogiston  was  presented  to  explain  combustion. 
The  discovery  of  oxygen  by  Priestley  gave  the  final  blow  to 
the  phlogiston  theory  due  to  the  brilliant  ideas  of  Lavoisier. 
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REVIEW  QUESTIONS 

1.  What  facts  do  you  know  which  would  indicate  a  long  life 
for  articles  of  gold  but  a  shorter  one  for  articles  of  iron? 

2.  What  reasons  can  you  give  to  account  for  the  long  lasting 
qualities  of  glass? 

3.  What  great  error  was  made  by  the  Greek  philosophers? 

4.  For  what  reasons  did  the  alchemists  thrive? 

5.  Do  you  know  of  any  reasons  why  a  person  might  get  the 
idea  today  that  there  are  many  kinds  of  gold? 

6.  List  the  four  steps  in  the  scientific  method. 
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The  Law  of  Boyle.  The  most  common  thing  in  human  ex¬ 
perience  served  as  the  starting  point  for  the  research  which 
Boyle  undertook.  Because  of  its  close  relationship  to  our  lives 
we  shall  consider  his  work  on  the  properties  of  the  air  and 
shall  also  consider  the  component  parts  of  which  the  air  is  a 
mixture. 

That  the  air  has  weight  was  shown  by  Galileo  as  early  as 
1600  a.d.  and  thus  it  was  considered  as  being  made  up  of 
matter  such  as  other  things  were.  It  was  conceived  as  being  a 
most  peculiar  type  of  matter,  however,  since  it  could  fill  a  lot 
of  space,  or  if  properly  treated  it  could  be  compressed  to  oc¬ 
cupy  only  a  little  space.  Some  thinkers  proposed  that  the  air 
might  be  a  material  in  the  form  of  an  indefinite  coiled  spring 
which  could  adjust  itself  to  fit  any  shape  of  space.  In  other 
words,  it  was  thought  to  be  everywhere  and  continuous,  ex¬ 
cept  that  no  difficulty  was  encountered  if  one  desired  to  en¬ 
close  only  a  certain  small  amount  of  it.  Other  students  of  air, 
however,  noted  this  fact  and,  from  it  and  other  observations, 
considered  air  as  discontinuous  like  iron,  or  water. 

Regardless  of  whatever  form  air  might  ultimately  take  Boyle 
desired  to  know  more  of  what  it  was  like  and  how  it  behaved, 
in  other  words  its  physical  properties.  He  enclosed  a  suitable 
volume  of  the  gas  (air  is  a  gas)  in  a  tube  and  by  means  of  a 
plunger  (mercury)  he  was  able  to  change  the  applied  pressure 
and  to  set  down  accurately  the  volume  of  air  in  the  tube  that 
he  noted  with  each  pressure  change.  He  found  that  as  he 
stepped  up  the  pressure  the  volume  of  air  became  smaller,  and 
that  as  he  lowered  the  pressure  the  volume  increased.  Now 
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Boyle  was  interested  to  see  if  there  was  an  exact  relationship 
between  the  pressure  change  and  the  volume  change  so  he 
made  use  of  a  piece  of  apparatus  which  was  designed  to  gauge 
these  very  things.  By  pouring  mercury  into  the  open  end  of 
a  U  tube  such  as  shown  in  the  diagram  he  was  able 
to  increase  the  pressure  upon  the  air  enclosed  in 
the  other  arm.  By  measuring  the  height  of  the 
mercury  in  each  arm  of  the  tube  he  could  calcu¬ 
late  both  the  applied  pressure  and  the  resulting 
volume  of  air.  Much  to  his  satisfaction,  he  found 
that  by  doubling  the  pressure  the  volume  of  the 
gas  was  reduced  one  half.  For  other  pressures  he 
obtained  exactly  corresponding  changes  in  the 
volume.  His  entire  experimental  work  in  this  field 
may  be  summed  up  by  the  statement  which  is 
called  Boyle’s  Law.  This  law  states  that  if  the 
temperature  of  an  enclosed  volume  of  gas  is  kept 
constant  the  volume  which  it  occupies  is  inversely 
proportional  to  the  pressure  which  confines  it. 

For  those  who  like  to  express  knowledge  con¬ 
cisely  for  easy  handling  and  who  do  work  with  gases  this  law 
is  expressed  in  a  simple  mathematical  statement  as  follows: 

pv  =  c 

By  this  is  meant  that  the  pressure,  expressed  in  suitable  units, 
multiplied  by  the  volume,  also  expressed  in  appropriate  units, 
is  equal  to  a  number  which  is  constant  for  a  given  amount  of 
gas.  Thus  to  retain  this  relationship  the  volume  must  decrease 
if  the  pressure  is  increased.  This  principle  seems  quite  simple 
now  that  the  work  has  been  done  and  you  and  I  can  sit  in  our 
classrooms  or  study  and  say,  “  Of  course,  how  could  it  be 
otherwise?  yet  this  bit  of  knowledge  so  expressed  was  built 
up  over  years,  by  great  effort,  and  still  is  of  profound  im¬ 
portance. 

The  Barometer.  The  common  method  of  measuring  the 
pressure  of  a  gas  was  developed  just  before  Boyle  began  his 
work  and  without  it  he  would  have  been  seriously  hampered. 


Fig.  2.  Ap¬ 
paratus  Used 
by  Boyle 
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Down  through  the  ages  of  scientific  discovery,  progress  has 
always  waited  upon  the  production  of  new  implements  and 
tools  with  which  to  work.  Sometimes  these  have  been  simple 
practical  things  built  out  of  wire,  rubber,  cork  and  glass,  some¬ 
times  elaborate  machines.  In  this  case  the  tool  was  a  simple 
tube  filled  with  mercury  and  inverted  in  a  dish  of  mercury. 
Torricelli,  a  student  of  Galileo,  set  up  such  a  piece  of  apparatus 
and  found  that  the  mercury  within  the  tube 
remained  at  a  higher  level  than  that  outside 
of  the  tube.  This  column  of  mercury, 
he  explained,  was  held  up  by  the  weight 
of  the  volume  of  air  exactly  the  size  of  the 
tube  and  extending  up  to  the  sky  pressing 
on  the  mercury  in  the  dish.  Since  this 
served  to  measure  the  pressure  of  the  air  it 
came  to  be  known  as  a  barometer  (Greek 
baros  =  weight  +  meter  =  measure)  and 
is  still  used  for  this  purpose.  By  measuring 
the  height  of  the  column  of  mercury  above 
the  level  in  the  dish  one  is  able  to  arrive  at 
an  actual  value  for  the  air  pressure.  Since 
the  pressure  is  proportional  to  the  height  of 
the  column  of  mercury  it  is  customary  to  express  the  pressure 
in  terms  of  this  distance.  Thus  a  barometric  pressure  of  thirty 
inches  means  that  the  mercury  column  in  a  barometer  stands 
thirty  inches  above  the  level  of  the  mercury  in  the  outside  dish. 
For  scientific  purposes  (because  the  10  unit  metric  scale  is 
easier  to  use  than  the  English  units)  this  distance  is  measured 
in  centimeters  rather  than  in  inches. 

The  Thermometer.  It  was  noted  by  Galileo  that  air  ex¬ 
panded  when  it  became  warm  and  the  first  thermometer  was 
built  by  him,  taking  advantage  of  this  fact.  The  modern  ther¬ 
mometer  has  been  developed  from  this  early  observation.  We 
are  accustomed  to  expressing  the  intensity  of  heat  by  means 
of  units  called  degrees  but  many  people  do  not  stop  to  consider 
that  these  degrees,  or  units,  are  defined  and  set  by  men  and  are 
not  God-given.  As  is  usually  the  case  when  men  devise  a 


Fig.  3.  Two  Forms 
of  the  Barometer 
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definition,  there  has  been  some  divergence  of  opinion  as  to  the 
exact  change  in  heat  intensity  which  we  shall  call  one  degree. 
Of  course,  it  really  does  not  matter  what  unit  we  use  except 
that  it  becomes  more  understandable  when  every  one  means 
the  same  thing  by  the  term. 

Temperature  Scales.  In  order  that  a  better  understanding 
may  exist  it  is  customary  for  scientists  to  define  their  terms 
by  means  of  things  which  occur  in  nature 
and  which  you  or  I  may  easily  observe. 

For  the  graduation,  or  marking,  of  ther¬ 
mometers  there  are  two  conditions  of 
may  be  easily  pro- 
are  constant.  One  of 
these  is  the  temperature  of  freezing  water, 
or  of  melting  ice,  and  the  other  is  the  tem¬ 
perature  of  boiling  water  under  a  specific 
(fixed)  atmospheric  pressure.  With  these 
two  points  on  the  scale  of  temperature, 
it  is  an  easy  matter  to  divide  the  distance 
between  them  into  any  number  of  equal 
parts.  In  1714  G.  D.  Fahrenheit,  a  physi¬ 
cist  of  Danzig,  chose  to  make  180  divi-  _17-8' 
sions  between  these  two  points  and  such 
a  scale  bears  his  name.  By  marking  off  de¬ 
gree  distances  of  the  same  length  above 
and  below  these  two  points  other  temper-  Fig.  T  Comparison 
atures  may  be  indicated.  In  order  to  ar-  Temperature 

rive  at  a  zero  point,  Fahrenheit  mixed  ice 
with  salt  and  considered  the  resulting  temperature  the  coldest 
obtainable.  This  new  temperature  was  thirty-two  divisions  be¬ 
low  the  freezing  point  of  water  and  on  this  basis  he  gave  values 
to  each  of  his  points.  Some  time  later  another  worker,  Celsius, 
a  Swedish  astronomer,  proposed  the  centigrade  scale  of  tem¬ 
peratures  which  has  been  adopted  for  all  scientific  work  be¬ 
cause  it  is  more  simple  and  convenient.  He  chose  the  same  two 
reference  points  but  to  the  temperature  at  which  water  freezes 
he  assigned  0°  and  to  the  temperature  at  which  water  boils  he 
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assigned  100°.  These  two  scales  of  temperature  are  compared 
in  the  accompanying  figure. 

Variation  of  the  Volume  with  Temperature.  It  has  al¬ 
ready  been  noted  that  Galileo  discovered  how  the  volume  of 
air  increased  as  it  was  heated,  shrank  as  it  was  cooled.  But 
without  any  means  of  measuring  the  temperature  changes,  it 
was  impossible  for  him  to  make  a  study  of  this  change  in  vol¬ 
ume.  After  the  temperature  scale  was  fixed  this  study  was  made 
by  a  French  physicist,  Charles,  and  later  by  another  French¬ 
man,  Gay-Lussac.  When  their  data  were  completely  assembled 
it  was  observed  that  a  quantity  of  any  gas  including  air  changes 
in  volume  by  a  definite  amount  for  each  degree  change  in 
temperature.  If  a  definite  quantity  of  air,  or  any  other  gas,  was 
measured  at  0°  centigrade  and  then  cooled  one  degree  they 
found  that  the  volume  always  decreased  by  1/273  of  the  orig¬ 
inal  volume.  By  cooling  still  further  the  gas  was  observed  to 
decrease  1/273  of  its  volume  at  0°  for  each  and  every  degree 
it  was  cooled.  This  process  was  found  to  be  entirely  and  ex¬ 
actly  reversible  and  an  elevation  of  the  temperature  produced 
a  corresponding  increase  in  the  volume. 

Absolute  Zero.  The  described  facts  which  deal  with  the 
change  of  volume  with  temperature  have  brought  forth  a  new 
scale  of  temperatures.  One  can  easily  imagine  a  quantity  of 
gas  being  cooled  more  and  more  until  it  has  reached  a  tem¬ 
perature  273°  colder  than  0°  C.  By  further  use  of  the  imagina¬ 
tion  one  can  describe  what  has  happened  to  the  volume  of  the 
gas  during  this  cooling.  If  each  degree  the  gas  is  cooled  de¬ 
creases  the  volume  by  1/273  of  the  volume  at  0°  C.  then  surely 
at  — 273°  C.  the  volume  would  be  zero.  However,  if  we  try 
it,  something  goes  wrong  and  we  never  would  get  our  gas  to 
shrink  to  nothing  even  if  we  could  force  the  temperature  down 
to  — 273°.  No  gas  can  be  cooled  to  such  an  extent  without 
first  becoming  a  liquid  and  then  the  volume  changes  do  not 
follow  the  described  course.  It  is  possible,  though,  for  us  to 
choose  this  point  which  is  — 273  °  C.  and  use  it  as  the  theoretical 
starting  temperature.  It  is  thus  called  the  absolute  zero  and  is 
defined  as  the  temperature  at  which  a  gas,  if  it  did  exist,  the- 
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oretically  would  possess  no  volume  if  it  continued  to  decrease 
in  volume  at  the  rate  of  1/273  of  its  volume  at  0°  C.  for  each 
decrease  in  temperature  of  1  °  C. 

The  only  difference  between  the  centigrade  and  absolute 
scales  of  temperature  lies  in  the  designation  of  the  zero  point. 
By  adding  273  to  the  centigrade  reading  one  obtains  the  ab¬ 
solute  temperature.  For  most  purposes  the  temperature  ex¬ 
pressed  in  absolute  degrees  has  no  significance  other  than  is 
shown  by  the  centigrade  reading  but  for  all  scientific  chemical 
work  dealing  with  gases  and  for  certain  other  scientific  pur¬ 
poses  the  absolute  scale  must  be  used. 

Charles’  Law.  After  thus  defining  a  scale  of  temperature 
which  is  used  in  working  with  gases  it  is  possible  to  express 
the  data  of  Charles  and  of  Gay-Lussac  in  an  understandable 
manner.  This  is  all  summed  up  in  a  law  which  is  called  Charles' 
Law  or  Gay-Lussac's  Law  and  it  is  stated  as  follows:  If  the 
pressure  upon  a  gas  does  not  change ,  the  volume  of  the  gas 
varies  directly  with  the  absolute  te?nperature. 

In  order  that  this  law  may  be  easily  used  it  is  expressed 
mathematically  by  the  simple  proportion, 

Vi  :  V2  ::  T\  :  T2. 

This  may  also  be  expressed  in  words  at  much  greater  length 
and  more  awkwardly  for  the  specialists  by  saying  that  when 
a  gas  is  heated  the  volume  before  heating  is  to  the  volume  after 
heating  as  the  absolute  temperature  before  heating  is  to  the 
absolute  temperature  after  heating.  An  example  will  make  this 
more  clear.  Suppose  that  a  volume  of  air  measuring  1 00  cubic 
centimeters  at  0°  C.  is  heated  to  273°  C.  and  we  wish  to  cal¬ 
culate  the  volume  it  should  have  according  to  Charles’  law. 
Expressed  in  absolute  degrees  the  first  temperature  becomes 
273°  and  the  second  temperature  becomes  546°,  or  twice  as 
much  as  the  first.  Since  the  absolute  temperature  has  been 
doubled  we  must  expect  the  volume  of  the  gas  to  double  also 
and  the  new  volume  is  calculated  to  be  200  cubic  centimeters. 
The  volume  change  accompanying  any  other  temperature 
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changes  may  be  calculated  by  the  use  of  the  mathematical  ex¬ 
pression  given  above. 

A  statement  similar  to  Charles’  law  can  be  made  with 
respect  to  pressure  changes  which  accompany  temperature 
changes.  If  the  volume  of  a  gas  does  not  change ,  the  pressure 
on  the  gas  varies  directly  with  the  absolute  temperature. 

Standard  Conditions.  From  the  previous  discussion  it  be¬ 
comes  plain  that  the  volume  of  an  enclosed  amount  of  air,  or 
other  gas,  depends  upon  the  applied  pressure  and  upon  the 
absolute  temperature  which  prevails  at  the  time.  This  may 
also  be  expressed  by  saying  that  the  pressure  of  an  enclosed 
quantity  of  air,  or  other  gas,  depends  upon  the  volume  of  the 
enclosure  and  upon  the  absolute  temperature.  Since  the  chem¬ 
ist  frequently  deals  with  gases  it  is  necessary  that  he  set  up  a 
certain  standard  reference  pressure  and  temperature.  For  con¬ 
venience,  the  pressure  so  chosen  represents  the  average  atmos¬ 
pheric  pressure  at  sea  level  which  is  equal  to  that  of  a  column 
of  mercury  760  centimeters  high,  and  the  temperature  chosen 
is  that  of  melting  ice  which  is  0°  C.  or  273°  Absolute.  These 
are  called  standard  pressure  and  standard  temperature  and  are 
referred  to  collectively  as  standard  conditions.  With  them  the 
chemist  knows  what  he  is  doing  when  he  handles  a  gas  and 
his  results  may  be  compared  with  those  of  others. 

A  Mental  Picture  of  a  Gas.  It  has  been  said  that  the  early 
investigators,  previously  discussed,  were  interested  in  nature 
and  had  a  desire  to  explain  natural  phenomena.  After  the  facts 
were  collected  by  experiment  and  the  laws  were  stated  in  the 
light  of  the  facts,  men  began  to  formulate  theories  as  to  the 
make  up  of  the  air  and  of  gases  in  general.  It  was  early  shown 
that  all  gases  behave  alike  toward  changes  in  pressure  and  in 
temperature  so  it  was  natural  to  conclude  that  they  are  all 
alike  in  some  respects.  By  a  consideration  of  the  known  facts 
concerning  gases  it  is  possible  to  construct  a  mental  picture  of 
their  physical  structure. 

Since  it  is  possible  to  compress  a  gas  to  a  very  small  fraction 
of  its  original  volume  one  must  conclude  that  it  is  not  like 
a  hard  compact  substance.  Instead  there  is  much  free  space 
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within  the  gas  which  is  not  occupied  by  rigid  matter.  If  you 
could  see  it,  it  would  be  more  like  a  sponge  than  a  piece  of 
stone.  Another  indication  of  this  porous  nature  of  gases  is 
given  by  the  property  known  as  diffusion.  If  a  bottle  of  strong 
perfume  or  other  material  with  a  strong  odor  is  opened  in  a 
room  it  takes  but  a  little  while  for  its  odor  to  penetrate  to 
every  corner.  The  odor  is  carried  in  a  gas  and  the  fact  that  it 
passes  through  a  space  which  is  already  “  filled  ”  with  another 
gas  (air)  shows  that  the  air  must  enclose  quite  a  bit  of  free 
space. 

The  source  and  direction  of  the  pressure  which  a  gas  exerts 
presents  a  question  of  considerable  importance.  It  can  be  easily 
demonstrated  that  the  pressure  of  a  gas  is  exerted  equally  in 
all  directions  if  we  neglect  the  very  small  difference  due  to 
weight.  With  a  height  of  gas  such  as  that  of  the  atmosphere  this 
difference  of  pressure  due  to  weight  can  be  easily  detected, 
but  for  measurable  quantities  of  a  gas  the  effect  of  gravity  is 
too  small  to  notice.  A  pinhole  opening  may  be  made  in  any 
part  of  the  top,  bottom,  or  sides  of  a  container  which  confines 
a  gas  and  immediately  the  gas  will  begin  to  move  out  of  the 
container  and  away.  Thus  the  direction  of  the  pressure  is  not 
fixed.  The  fact  that  the  gas  moves  out  of  the  opening  and  moves 
through  another  gas  gives  reason  to  the  idea  that  possibly  a 
movement  exists  in  a  gas  all  of  the  time.  If  there  is  a  motion 
of  something  within  a  gas  then  the  explanation  of  gas  pressure 
becomes  simple.  Whatever  it  is  which  moves,  it  must  surely 
have  weight.  And  when  an  object  which  has  weight  is  moving 
it  batters  or  presses  at  anything  which  makes  an  effort  to  stop 
it.  A  hammer  may  be  used  to  drive  a  nail  into  a  piece  of  wood. 
This  is  done  by  moving  the  hammer  (a  weight)  at  a  high  speed 
so  that  it  strikes  the  head  of  the  nail.  The  faster  the  hammer 
moves  the  greater  the  force  which  it  exerts  upon  the  nail  which 
stops  it.  The  pressure  so  developed  drives  the  nail  into  the 
wood. 

If  we  imagine  a  gas  as  being  made  up  of  innumerable  small 
weights  which  move  at  random  in  all  directions,  then  we  will 
expect  them  to  exert  a  pressure  upon  the  walls  of  the  thing 
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in  which  they  are  contained.  The  amount  of  this  pressure  will 
depend  upon  the  number  of  these  moving  weights  and  the 
speed  with  which  they  strike  the  wall.  Since  the  particles  are 
imagined  as  moving  in  all  directions  we  expect  the  resulting 
pressure  to  be  exerted  in  equal  amounts  in  all  directions.  These 
moving  particles  which  thus  are  imagined  as  having  both 
weight  and  motion  are  called  molecules . 

It  has  already  been  pointed  out  that  an  increase  of  tem¬ 
perature  produces  an  increase  in  the  pressure  which  a  gas  ex¬ 
erts.  Now  if  we  have  small  particles  in  motion  the  only  way 
to  vary  the  pressure  which  they  exert  is  to  vary  the  speed  with 
which  they  move  since  their  weight  or  mass  is  not  changeable. 
We  may  conclude  from  this  that  a  rise  in  temperature  in¬ 
creases  the  speed  of  the  moving  molecules. 

Molecules  of  different  gases  in  a  mixture  do  not  settle  out 
in  layers  but  remain  more  or  less  permanently  mixed.  If  a  gas 
of  very  low  density  (this  means  that  the  molecules  are  very 
light)  is  mixed  with  a  gas  of  very  high  density  (the  molecules 
are  very  heavy),  some  separation  will  naturally  result  due  to 
the  slower  motion  of  the  heavier  gas.  This  separation  cannot 
be  observed  except  in  a  very  long  vertical  column  of  the  mix¬ 
ture.  It  has  practical  applications  however.  War  gases  mix 
somewhat  with  the  air,  but  being  heavier  they  settle  to  the 
ground  and  linger  there.  In  the  case  of  the  air  such  a  column 
exists,  and  it  is  found  that  some  separation  takes  place.  Near 
the  surface  of  the  earth  the  carbon  dioxide  content  of  the  air 
is  quite  small  (0.035  percent)  but  at  higher  levels  this  con¬ 
centration  becomes  less  and  less  until  it  finally  reaches  zero  at 
high  altitudes.  On  the  other  hand  there  is  little  or  no  hydrogen 
to  be  found  near  the  earth  but  at  high  altitudes  this  gas,  which 
is  the  lightest  known  substance,  appears  in  ever-increasing 
amounts.  The  very  outer  portion  of  the  atmosphere  is  prob¬ 
ably  composed  of  pure  hydrogen  but,  of  course,  it  is  extremely 
rarefied.  That  is,  it  is  under  very  little  pressure  and  is  very 
much  expanded.  Changes  in  the  composition  of  the  air  do  not 
take  place  suddenly,  as  we  go  upward,  as  if  layers  existed,  but 
slowly  over  miles  of  change  in  elevation. 
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A  gas  does  not  settle  to  the  bottom  of  a  closed  container  even 
if  the  container  is  left  undisturbed  for  years.  This  is  contrary 
to  human  experience  with  things  large  enough  to  be  seen  and 
handled.  The  best  rubber  balls  dropped  on  a  hard  floor  will 
soon  cease  to  bounce;  but  they  do  not  have  to  be  of  such  ma¬ 
terial  as  rubber  in  order  to  bounce,  since  steel  balls  dropped 
upon  a  hard  smooth  surface  rebound  remarkably  well.  This 
property  of  bouncing 
away  from  the  object 
which  is  struck  is  a  re¬ 
sult  of  the  elasticity  of 
the  bodies.  The  more 
elastic  objects  are  the 
greater  the  amount  of 
their  energy  of  motion 
they  retain  after  striking 
each  other.  So  long  as 
the  temperature  of  a 
container  of  gas  remains 
fixed  the  molecules  ap¬ 
pear  to  lose  none  of  their 

energy  of  motion  (ki-  Fig.  5.  Boyle’s  Law 

netic  energy)  so  we  reel  y 

justified  in  assuming  that  the  molecules  of  a  gas  are  perfectly 
elastic.  This  does  not  mean  that  the  molecules  are  never 
slowed  down  or  caused  to  move  more  rapidly  but  it 
does  mean  that  if  one  molecule  is  slowed  down  the  kinetic 
energy  is  transferred  to  another,  which,  as  a  result,  moves  more 
rapidly.  In  this  fashion  the  average  energy  of  all  the  molecules 
remains  the  same. 

The  explanation  of  Boyle’s  law  according  to  these  ideas  is 
fairly  simple.  Suppose  that  a  cylinder  containing  a  number  of 
gas  molecules  is  fitted  with  a  tight,  movable  piston  as  illus¬ 
trated  in  the  figure.  In  the  first  case  (A)  the  pressure  of  the 
molecules  in  motion  is  just  sufficient  to  hold  up  the  weight 
resting  upon  the  piston.  If  now  the  total  force  on  the  piston  is 
doubled  (B)  the  volume  occupied  by  the  gas  becomes  just  half 
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of  the  original  volume  and  as  a  result  the  number  of  molecules 
contained  in  this  volume  is  twice  the  original  number.  Since 
the  speed  of  the  molecules  has  not  decreased,  it  must  be  true 
that  the  total  pressure  against  the  piston  has  doubled.  Thus  our 
mental  picture  exactly  fits  the  facts  as  given  by  Boyle’s  law. 

The  Kinetic  Theory  of  Gases.  The  mental  picture  of  gases 
which  has  been  presented  is  termed  the  Kinetic  Theory  of 
Gases  and  it  may  be  summarized  in  a  few  brief  statements. 

1 .  Gases  are  composed  of  minute  particles  called  molecules, 
which  are  in  motion  in  a  perfectly  random  fashion. 

2.  The  average  kinetic  energy  of  these  molecules  is  pro¬ 
portional  to  the  absolute  temperature. 

3.  The  pressure  exerted  by  a  gas  is  proportional  to  the 
number  of  molecules  confined  in  a  unit  of  space. 

4.  Molecules  of  a  gas  are  perfectly  elastic,  losing  none  of 
their  kinetic  energy  upon  impact  with  other  molecules  at  the 
same  temperature. 

5.  Except  at  very  high  pressures,  the  volume  of  the  mole¬ 
cules  themselves  is  very  small  in  comparison  with  the  space 
between  the  molecules. 

Importance  of  a  Theory.  The  formulation  of  the  kinetic 
theory  of  gases  illustrates  the  third  step  in  the  scientific  method. 
An  idea  of  the  structure  of  a  gas  has  been  expressed  which  ap¬ 
pears  to  fit  the  laws  which  are  based  upon  experimental  facts. 
Thus  while  the  actual  visible  proof  of  the  proposed  theory 
may  never  be  accomplished,  yet  in  the  meantime  the  accepted 
hypothesis  serves  as  a  valuable  aid  in  the  task  of  understanding 
nature.  Even  though  it  may  be  false  it  surely  is  far  better  than 
no  theory  at  all.  As  a  matter  of  fact  this  kinetic  theory  is  be¬ 
coming  more  and  more  fixed  as  a  truth  as  each  bit  of  evidence 
is  presented.  It  has  been  and  may  again  be  necessary  to  revise 
points  here  and  there  in  the  theory  as  time  goes  on,  but  in 
every  case  the  revisions  bring  about  a  more  complete  and  ac¬ 
curate  scientific  statement;  one  which  more  nearly  fits  all  the 
facts.  Whenever  the  known  facts  do  not  appear  to  fit  the 
theory,  scientists  make  these  misfits  the  immediate  cause  for 
investigation.  Always  in  such  cases  the  facts  are  gone  over 
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again  and  redetermined  in  such  fashion  as  to  eliminate  all  pos¬ 
sible  sources  of  error  and  then  if  they  still  do  not  fit  the  theory 
there  is  nothing  to  do  but  change  the  theory.  In  this  man¬ 
ner  the  theory  is  shaped  and  reshaped  until  it  approaches, 
though  may  never  reach,  an  actual  statement  of  the  truth 
about  nature. 

Deviations  from  the  Gas  Laws.  The  laws  which  describe 
the  behavior  of  gases  do  not  in  any  way  apply  to  liquids  or  to 
solids.  All  substances  which  exist  as  gases  may  also  be  converted 
to  liquids  or  to  solids,  if  the  temperature  is  low  enough  and  the 
pressure  is  high  enough.  Liquid  air  and  solid  carbon  dioxide  are 
now  common  things.  It  seems  that  the  change  from  a  gas  to  a 
liquid  takes  place  because  the  molecules  are  close  enough  to¬ 
gether  to  attract  each  other  and  are  moving  so  slowly  they  can¬ 
not  get  far  apart. 

According  to  the  kinetic  theory  of  gases  the  molecules  are 
very  far  apart  so  that  the  space  not  occupied  by  them  is  far 
greater  than  the  space  actually  occupied  by  the  individual  mol¬ 
ecules.  Under  such  conditions  the  forces  of  attraction  between 
the  molecules  become  infinitely  small  and  the  gas  laws  describe 
the  behavior  of  gases  almost  exactly.  If,  however,  the  pressure 
applied  is  great  enough  to  force  the  molecules  quite  near  each 
other  the  natural  forces  of  attraction  become  large  and  the 
molecules  are  drawn  still  more  closely  together  and  may  be¬ 
come  liquid.  Under  such  conditions  of  high  pressure  the  law 
of  Boyle  cannot  hold  and  it  is  common  experience  that  such 
is  the  case. 

Critical  Temperature.  So  long  as  the  speed  of  the  molecules 
is  great  enough  to  prevent  their  cohesion  to  form  a  liquid,  a 
gas  cannot  be  changed  to  a  liquid.  As  a  matter  of  fact,  when 
the  temperature  of  a  gas  falls  low  enough  so  that  the  speed  of 
the  molecules  is  insufficient  to  overcome  the  forces  of  attrac¬ 
tion  between  the  molecules,  the  gas  condenses  to  a  liquid.  The 
attraction  between  the  molecules  of  some  gases  is  much  less 
than  for  others.  Because  of  this,  some  gases  must  be  cooled 
much  more  than  others  before  they  will  become  a  liquid.  The 
temperature  to  'which  a  gas  must  be  cooled  bejore  any  a?nount 


32  PROPERTIES  OF  ATMOSPHERE 

of  pressure  will  cause  it  to  liquefy  is  called  its  critical  tevt- 
perature. 

In  the  case  of  certain  gases  even  large  pressures  are  insuf¬ 
ficient  to  bring  about  their  liquefaction  at  ordinary  low  tem¬ 
peratures.  Such  temperatures  are  evidently  above  the  critical 
temperatures  of  these  gases.  In  these  instances  additional  pres¬ 
sure  does  not  produce  the  decrease  in  volume  which  Boyle’s 


Fig.  6.  Liquid  Air  Machine 


law  requires.  There  is  reason  to  believe  that  the  molecules  have 
been  forced  together  and  that  the  free  space  between  them  is 
quite  small  compared  with  the  volume  of  the  molecules  them¬ 
selves.  It  seems,  too,  that  the  individual  molecules  are  not  com¬ 
pressible  and  thus  additional  pressure  fails  to  bring  about  a 
further  decrease  in  volume. 

These  deviations  in  the  general  behavior  of  gases  do  not  af¬ 
fect  the  kinetic  theory  but  on  the  other  hand  the  kinetic  theory 
makes  possible  the  explanation  of  these  experimental  facts.  The 
gas  laws  apply  only  to  gases  having  no  attraction  between  the 
molecules,  thus  having  no  cohesion,  and  having  molecules 
which  occupy  none  of  the  volume  of  the  gas.  Naturally  no  such 
gas  exists  and  therefore  we  speak  of  ideal  or  perfect  gases  as 
meeting  the  requirements  of  the  gas  laws.  Under  ordinary  con¬ 
ditions  of  temperature  and  pressure  the  deviations  from  ideal 
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behavior  are  so  slight  that  no  corrections  need  be  made  and  we 
may  consider  the  gas  laws  as  expressing  exactly  the  behavior 
of  gases. 

Heat  of  Condensation.  From  the  foregoing  discussion  it 
becomes  apparent  that  both  pressure  and  cooling  are  necessary 
to  convert  gases  into  liquids.  For  some  gases  the  amount  of 
cooling  necessary  is  obtained  at  ordinary  temperatures  while 
for  others,  such  as  air,  the  temperature  must  be  carried  quite 
low.  High  pressure  alone  or  low  temperature  alone  does  not 
bring  about  the  liquefaction  of  air.  When  the  kinetic  energy 
of  the  molecules  can  no 
longer  overcome  the  attrac¬ 
tion  between  the  molecules 
there  is  a  sudden  loss  of  con¬ 
siderable  motion  and  the 
molecules  cohere.  This  sud¬ 
den  coming  together  of  the 
molecules  releases  energy 
and  it  is  given  up  in  the  form 
of  heat.  The  temperature  of 
the  gas-liquid  mixture  does 
not  change  because  of  this 
evolution  of  heat  since  it 
merely  represents  the  en¬ 
ergy  required  to  keep  the 
molecules  apart  at  the  tem¬ 
perature  of  the  process.  For  some  gases  this  energy  loss  is 
quite  high  but  for  others  it  is  rather  small.  Naturally  this  heat 
produced  is  called  the  heat  of  condensation. 

The  ordinary  condensation  of  steam  offers  a  suitable  ex¬ 
ample  for  consideration.  When  steam  strikes  a  cool  object  and 
condenses,  its  heat  of  condensation  is  liberated.  This  amounts 
to  a  considerable  quantity  of  heat  and  accounts  for  the  serious¬ 
ness  of  steam  burns. 

Liquefaction  of  Air.  In  the  actual  operation  of  a  plant  which 
produces  liquid  air  it  is  necessary  to  take  advantage  of  the 
facts  mentioned.  An  air  pump  compresses  the  air  and  the  heat 
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evolved  is  taken  away  by  water  or  by  the  outside  air.  By  per¬ 
mitting  a  part  of  the  compressed  air  to  expand  and  therefore 
cool  in  an  insulated  container  heat  is  taken  from  the  remainder 
of  the  compressed  air  rather  than  from  the  surrounding  atmos¬ 
phere.  Thus  a  part  of  the  compressed  air  is  made  much  colder. 
By  repeating  this  or  similar  processes  a  part  of  the  air  is  cooled 
enough  to  liquefy.  It  is  by  this  means  that  thousands  of  tons 
of  liquid  air  are  produced  annually.  The  diagram  shows  the 
essential  parts  of  a  liquid  air  machine.  The  compressed  and 
cooled  air  enters  the  liquefier  through  the  small  inner  tube  and 
it  expands  through  the  jet  at  the  end. 
The  expanded  gas  returns  to  the  pump 
by  the  outer  tube  and  helps  to  produce 
additional  cooling.  In  this  manner  the 
air  which  escapes  through  the  jet  is  re¬ 
duced  gradually  to  a  very  low  tempera¬ 
ture  until  at  last  it  is  cool  enough  to 
become  a  liquid. 

The  Thermos  Bottle.  It  has  been 
said  that  the  evaporation  of  a  liquid  re¬ 
quires  considerable  heat  and  this  is  also 
true  for  liquid  air.  By  permitting  liquid 
air  to  evaporate  it  is  possible  to  produce 
temperatures  as  low  as  — 190°  in  labo¬ 
ratory  apparatus  and  then  to  cool  chem¬ 
icals  for  experiment.  Because  the  rapid 
this  liquid  produces  boiling  which  is 
more  like  an  explosion  it  is  necessary  to  store  liquid  air  in 
insulated  vessels.  One  of  the  most  satisfactory  of  these  is  the 
Dewar  flask  which  is  really  a  flask  within  a  flask  with  the  space 
between  the  walls  evacuated.  You  know  this  as  the  ordinary 
thermos  bottle.  To  prevent  heat  changes  due  to  radiation  the 
walls  are  usually  silvered.  In  such  a  container  liquid  air  may 
be  kept  for  several  days. 
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SUMMARY 

The  barometer  was  invented  by  Torricelli  in  order  to  meas¬ 
ure  the  pressure  of  the  atmosphere. 

The  thermometer  was  developed  from  a  simple  device  made 
by  Galileo. 

The  Fahrenheit  scale  of  temperature  uses  the  temperature 
of  freezing  water  as  3  2  °  and  that  of  water  boiling  at  sea  level 
as  212°. 

The  Centigrade  scale  of  temperature  was  proposed  by  Cel¬ 
sius  and  uses  the  temperature  of  freezing  water  as  0°  and  that 
of  boiling  water  at  sea  level  as  100°. 

The  Absolute  scale  of  temperature  is  obtained  by  adding  273 
to  the  centigrade  temperature.  This  scale  has  to  do  with  the 
behavior  of  gases. 

Boyle's  Law  states  that  if  the  temperature  is  kept  constant 
the  volume  of  an  enclosed  quantity  of  gas  changes  inversely 
with  the  pressure  applied. 

Charles'  Law  states  that  if  the  pressure  on  an  enclosed  quan¬ 
tity  of  gas  is  kept  constant  its  volume  changes  directly  as  the 
absolute  temperature. 

Standard  conditions  are  taken  as  a  temperature  of  0°  C.  and 
a  pressure  of  760  mm.  of  mercury. 

The  Kinetic  Theory  has  been  devised  to  give  us  a  mental 
picture  of  a  gas.  It  proposes  that  a  gas  is  made  up  of  small 
particles  called  molecules  which  are  relatively  far  apart  and  in 
violent  motion.  The  velocities  with  which  these  particles  move 
depend  upon  the  temperature  only.  If  gases  are  cooled  so  that 
their  molecules  move  less  rapidly  or  if  they  are  put  under 
pressure  so  that  their  molecules  must  remaimclose  together  the 
laws  of  Charles  and  Boyle  fail  to  describe  their  behavior  cor¬ 
rectly. 

The  critical  temperature  of  a  gas  is  the  temperature  above 
which  the  molecules  possess  too  much  energy  to  permit  their 
adhering  to  each  other  as  in  the  liquid  state,  regardless  of  the 
applied  pressure.  Below  the  critical  temperature  a  gas  may  be 
caused  to  liquefy  by  increasing  the  pressure  alone. 
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The  heat  of  condensation  is  the  energy  released  by  the  mole¬ 
cules  of  a  gas  when  they  are  condensed  to  the  liquid  state.  It 
represents  the  energy  which  holds  the  molecules  of  gas  apart. 
Conversely,  the  change  of  a  liquid  to  a  gas  or  the  expansion 
of  a  compressed  gas  absorbs  energy  in  the  form  of  heat  and 
low  temperatures  may  be  produced  by  the  use  of  this  fact. 

The  Dewar  flask ,  or  thermos  bottle ,  serves  for  the  storage 
of  some  liquefied  gases  because  its  construction  prevents  the 
absorption  of  great  quantities  of  heat  by  the  liquid. 

REVIEW  QUESTIONS 

1.  Explain  what  happens  as  you  fill  a  small  rubber  balloon  with 
air  from  your  lungs. 

2.  If  the  opening  in  the  filled  balloon  is  securely  closed  and  it 
is  placed  in  a  heated  room  what  will  happen?  Why?  Use  the  kinetic 
theory  in  the  explanation. 

3.  Suppose  you  have  two  tanks  having  a  volume  of  one  cubic 
foot  each.  One  tank  is  filled  with  oxygen  at  a  pressure  of  300  mm. 
of  mercury  and  the  other  is  filled  with  carbon  dioxide  at  a  pres¬ 
sure  of  400  mm.  of  mercury.  Now  by  means  of  a  pump  transfer 
all  of  the  oxygen  into  the  tank  with  the  carbon  dioxide.  What  will 
be  the  total  pressure  in  this  tank  of  mixed  gases  if  the  temperature 
is  kept  constant? 

4.  How  is  it  possible  for  an  inflated  automobile  tire  to  hold  up 
such  heavy  loads  without  being  flat  on  the  bottom  side? 

5.  Give  some  reasons  for  the  assumption  that  the  molecules  of 
a  gas  are  far  apart  and  the  molecules  of  a  liquid  are  close  together. 

6.  Give  some  evidence  for  the  statement  that  the  molecules  of 
a  liquid  tend  to  stick  together. 

7.  What  would  happen  if  a  slow  moving  molecule  were  to  hit 
a  fast  moving  molecule  “  head  on  ”?  How  does  this  differ  from 
your  experience  with  other  things? 

8.  Would  the  height  of  water  in  a  barometer  containing  water 
be  any  different  from  the  height  of  mercury  in  a  barometer  filled 
with  mercury?  Why?  How  much? 

9.  Starting  with  100  cubic  centimeters  of  air  at  0°  C.  and  700 
mm.  pressure,  calculate  the  volume  it  would  have  if  the  tempera¬ 
ture  remains  the  same  and  the  pressure  is  increased  to  1050  mm. 
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With  the  pressure  remaining  at  1050  mm.  to  what  temperature 
must  the  gas  be  heated  in  order  to  give  the  original  volume  of  1000 
cubic  centimeters? 

10.  A  temperature  of  1°  C.  would  be  what  temperature  F.? 
50°  F.  is  what  C.°? 
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Air  is  a  Mixture.  In  the  commercial  production  of  liquid 
air  it  is  customary  to  remove  the  dust  particles,  water  vapor, 
and  carbon  dioxide  before  the  final  step  of  liquefaction.  The 
last  two  of  these  are  converted  to  liquids  long  before  the  re¬ 
mainder  of  the  air  liquefies  and  thus  they  may  be  separated 
quite  easily.  If  liquid  air  is  permitted  to  evaporate,  the  different 
substances  which  are  contained  in  it  boil  off  at  different 
temperatures.  About  four  fifths  of  the  liquid  boils  off  at 
— 195.8°  C.  and  the  resulting  gas  is  quite  inactive  chemically. 
It  is  nitrogen.  The  remaining  one  fifth  of  the  liquid  air  is  al¬ 
most  pure  oxygen  and  will  not  boil  at  this  low  temperature. 
If,  however,  the  temperature  is  permitted  to  rise  to  — 183°  C. 
boiling  again  takes  place  and  oxygen  gas  is  formed. 

It  is  an  established  fact  that  pure  liquid  substances  have 
definite  boiling  points  while  most  mixtures  of  pure  liquids  may 
be  separated,  at  least  in  part,  by  the  boiling  process.  Since 
liquid  air  may  thus  be  separated  into  at  least  two  different  sub¬ 
stances  with  different  boiling  points  we  can  assume  that  liquid 
air  itself  is  a  mixture  rather  than  a  pure  liquid. 

There  are  some  persons  who  require  still  other  evidence  that 
air  is  a  mixture  and  for  them  there  is  another  striking  example. 
Whenever  a  pure  substance  such  as  salt  or  sugar  dissolves  in 
water  it  does  so  as  a  whole.  The  salt  which  is  in  solution  has 
exactly  the  same  composition  as  the  salt  before  being  put  into 
solution.  This  is  not  true  in  the  case  of  air.  If  freshly  boiled 
water,  which  contains  no  air,  is  cooled  and  stirred  in  the  pres¬ 
ence  of  air  we  find  that  some  air  is  dissolved  in  the  water.  Now 
by  boiling  the  water  again  we  can  collect  the  dissolved  air 
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which  is  expelled  by  this  process.  The  air  so  collected  is  much 
richer  in  oxygen  than  ordinary  air.  If  the  oxygen  and  nitrogen 
were  chemically  combined  this  would  not  be  true. 

OXYGEN 

It  has  already  been  mentioned  that  respiration  and  burning 
furnished  a  considerable  field  of  thought  for  the  early  chemists 
and  other  scientifically  inclined  workers.  Just  before  1700, 
John  Mayow  proposed  that  air  contains  a  gas  which  promotes 
these  processes.  This  gas  unites  with  metals  when  they  are 
burned,  according  to  his  viewpoint,  and  it  changes  the  blood 
from  the  venous  to  the  arterial  form.  The  theory  of  phlogiston 
was  proposed  during  the  same  year  by  Becher  and  for  three 
quarters  of  a  century  it  overshadowed  the  work  of  Mayow. 
According  to  this  theory  all  combustible  substances  contain 
“  phlogiston  ”  which  is  set  free  when  they  burn.  The  flame 
which  could  be  observed  easily  was  produced  by  the  outward 
flow  of  this  substance  into  the  air.  Since  combustible  materials 
would  not  burn  in  the  absence  of  air  it  was  quite  obvious  that 
air  took  up  or  absorbed  this  phlogiston. 

In  1774  Priestley  was  interested  in  heating  all  of  the  sub¬ 
stances  he  could  find.  For  this  purpose  he  used  a  large  lens 
by  means  of  which  he  focused  the  rays  of  the  sun  as  a  source 
of  heat.  By  enclosing  the  substance  to  be  heated  over  mercury 
in  a  barometer-like  tube  he  was  able  to  collect  any  gas  which 
was  evolved  during  the  heating.  It  was  during  these  experi¬ 
ments  that  he  happened  to  heat  the  oxide  of  mercury  and  from 
it  he  got  a  gas  which  caused  a  candle  to  bum  with  extreme 
brilliance.  He  had  actually  prepared  pure  oxygen  but  he  failed 
to  recognize  his  discovery  and  called  the  gas  “  dephlogisti- 
cated  air.”  At  the  time  of  his  death  in  1804  he  believed  that 
the  theory  of  phlogiston  had  been  established. 

In  1777  a  publication  appeared  which  showed  that  a  Swedish 
worker  by  the  name  of  Scheele  had  actually  prepared  oxygen 
two  years  before  Priestley  did.  He  had  heated  a  number  of 
substances  which  liberated  this  gas.  The  evidence  shows  clearly 
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that  he  was  on  the  verge  of  realizing  the  importance  of  this 
discovery  though  he  never  succeeded. 

Soon  after  Priestley  made  known  his  work  on  mercuric 
oxide,  Lavoisier  took  up  the  experiments.  He  was  already  in¬ 
terested  in  combustion  and  had  shown  that  tin  actually  takes 
something  from  the  air  when  it  burns.  He  repeated  the  work 
of  Priestley  at  once.  Then  in  order  to  get  better  proof  he 
formed  his  own  oxide  of  mercury  by  heating  pure  mercury 
in  the  presence  of  a  measured  volume  of  air.  After  many  days 
of  slow  heating  he  observed  that  the  volume  of  the  air  had 
shrunk  by  one  fifth  of  its  original  amount  and  there  was  a  thin 
coating  of  red  powder  over  the  surface  of  the  mercury.  The 
gas  left  over  the  mercury  was  not  like  ordinary  air  in  that  it 
would  neither  support  a  flame  nor  sustain  life.  When  he  care¬ 
fully  removed  the  red  powder  and  heated  it  strongly  it  gave 
a  volume  of  gas  exactly  equal  to  the  volume  of  the  gas  which 
disappeared  when  the  powder  was  made.  The  liberated  gas 
had  the  properties  of  air  but  it  was  much  more  active.  Thus  he 
was  able  to  show  that  air  is  a  mixture  of  two  things;  one  of  them 
active  and  the  other  inactive.  He  proved  conclusively  that 
combustion  is  due  to  the  union  of  this  active  substance  with 
the  material  burned. 

By  some  means  Lavoisier  got  the  idea  that  this  active  gas 
was  essential  to  the  formation  of  all  acids  and  he  named  it 
oxygen  (acid  producer) .  This  idea  was  entirely  wrong  but  the 
name  has  remained. 

This  element,  oxygen,  makes  up  approximately  half  of  the 
total  weight  of  the  earth’s  crust  which  includes  the  air,  water, 
stones,  clay,  and  other  material  in  that  part  of  the  earth  which 
we  know.  A  substance  which  occurs  in  such  abundance  must 
also,  of  course,  be  of  considerable  importance  but  because  of 
the  nature  of  oxygen  its  importance  is  far  greater  than  even 
its  relative  abundance  would  indicate. 

Burning  of  Fuels.  Our  greatest  supply  of  energy  comes 
from  the  union  of  ordinary  fuel  with  the  oxygen  of  the  air. 
This  energy  is  released  in  like  amount  regardless  of  whether 
this  union  takes  place  in  the  firebox  of  a  furnace,  in  the  cylinder 
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of  an  engine,  or  in  our  own  bodies.  The  fuel  and  the  oxygen 
taken  separately  contain  much  more  energy  than  do  the  sub¬ 
stances  which  are  formed  by  their  union  (carbon  dioxide  and 
water) .  The  excess  energy  is  released  in  the  form  of  heat  and 
light.  The  products  of  the  combustion  have  compositions 
which  are  different  from  oxygen  alone  or  fuel  alone,  and  also 
they  have  characteristics  (properties)  which  likewise  differ 
from  those  of  the  separate  substances. 

Rusting.  Iron  and  some  other  metals,  when  exposed  to  the 
air,  slowly  combine  with  the  atmospheric  oxygen  and  “  burn  ” 
by  the  process  which  we  call  rusting.  This  destruction  goes 
on  in  an  uninterrupted  manner  unless  the  iron  is  galvanized, 
painted,  or  treated  in  other  ways  to  prevent  it.  Because  proper 
steps  are  not  always  taken  to  prevent  this  slow  burning  process 
we  find  that  steel  bridges  become  unsafe,  railway  rails  become 
thinner,  and  automobile  bodies,  farm  tools  and  other  imple¬ 
ments  begin  to  fall  apart.  The  toll  taken  by  rust  cannot  be 
calculated  with  any  degree  of  certainty,  but  we  are  sure  that 
it  is  enormous.  As  a  rule  this  process  requires  moisture  and 
carbon  dioxide  as  well  as  oxygen,  but  the  metal  is  consumed 
just  as  though  it  were  burned  in  a  fire  as  a  fuel.  The  total  heat 
evolved  is  quite  large  but  it  radiates  into  the  air  and  it  is  liber¬ 
ated  too  slowly  to  raise  appreciably  the  temperature  of  the 
metal.  Here  again  we  find  that  the  energy  stored  up  in  the  iron 
and  the  oxygen  taken  separately  is  greater  than  the  energy 
stored  in  the  iron  oxide  which  is  formed  by  their  union.  The 
iron  oxide  does  not  look  like  iron  and  it  has  none  of  the  other 
properties  of  iron. 

Decay.  We  are  all  accustomed  to  the  removal  of  leaves, 
dead  wood,  refuse  matter,  and  other  undesirable  material  by 
the  process  of  decay.  All  too  often  many  useful  things  like¬ 
wise  are  consumed  by  this  same  method.  Frequently  the 
change  is  speeded  up  by  the  action  of  bacteria  but  in  all  cases 
the  essential  change  is  due  to  the  union  of  the  substances  pres¬ 
ent  with  the  oxygen  of  the  air.  Heat  is  liberated  in  this  case, 
too.  Many  times  we  see  evidence  of  this.  A  pile  of  grass  which 
has  been  slightly  moistened  will  become  quite  hot.  Layers  of 


42  ATMOSPHERE:  ITS  COMPONENTS 


straw  and  manure  from  stables  are  frequently  used  to  supply 
heat  to  young  plants  during  the  early  spring  months. 

This  decay  of  organic  matter  appears  to  liberate  more  heat 
than  does  the  rusting  of  iron  but  this  is  not  necessarily  so.  The 
union  with  oxygen  takes  place  more  rapidly  and  the  outer 
layers  of  material  serve  as  effective  insulation  so  that  the  heat 
liberated  cannot  get  away  so  quickly. 

Spontaneous  Combustion.  All  of  us  have  noticed  that 
things  which  burn  at  all  will  burn  much  more  rapidly  if  they 
are  hot.  Since  the  amount  of  heat  liberated  within  a  certain 
time  depends  upon  the  rapidity  of  the  burning  it  naturally  fol¬ 
lows  that  the  faster  a  thing  burns  the  hotter  it  will  get.  When 
a  quantity  of  combustible  material  begins  to  unite  with  oxygen 
its  temperature  tends  to  rise  and  if  the  heat  produced  cannot 
get  away,  the  temperature  does  rise  and  the  rate  of  union 
with  oxygen  increases.  This  produces  still  higher  temperatures 
within  the  mass  of  material  and  a  still  greater  rate  of  oxidation 
occurs.  After  a  time  a  temperature  is  reached  when  the  ad¬ 
ditional  union  with  oxygen  will  produce  a  flame.  When  this 
occurs  it  is  called  spontaneous  combustion.  Cases  of  fire  from 
this  cause  are  common  and  must  be  guarded  against  even  in 
the  home.  Pieces  of  cloth  saturated  with  certain  types  of  oil 
used  in  cleaning  furniture,  cloth  or  waste  soaked  in  paint  or 
varnish,  and  old  newspapers  neatly  stacked  in  the  basement  or 
attic  are  all  possible  sources  of  such  fires.  Other  cases  of  spon¬ 
taneous  combustion  have  been  noted  frequently  in  flour  mills 
and  grain  elevators.  Here  the  air  may  become  filled  with  a 
fine  dust  which  is  extremely  active  toward  oxygen  and  the 
presence  of  an  electric  spark  or  hot  bearing  is  sufficient  to 
touch  off  the  entire  atmosphere  and  results  in  what  is  known 
as  a  “  dust  explosion.” 

In  all  cases  of  spontaneous  combustion  there  are  certain  con¬ 
ditions  which  are  present.  The  material  concerned  is  one  which 
presents  a  large  surface  so  that  great  amounts  of  oxygen  can 
get  at  it.  The  reaction  with  oxygen  must  proceed  rapidly 
enough  to  produce  an  appreciable  amount  of  heat  and  this 
heat  must  be  kept  in  for  a  while  by  surrounding  insulation  so 
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Courtesy  of  the  Mine  Safety  Appliances  Company 


Fig.  9.  Two-Hour  Breathing  Apparatus  for  Mine-Rescue  Work 


that  the  kindling  temperature  is  reached.  For  instance,  a  cloth 
soaked  in  paint  will  be  entirely  harmless  if  it  is  spread  out  so 
that  cool  air  may  get  to  it  freely. 

Respiration.  The  respiration  of  every  thing  which  breathes 
also  involves  the  direct  union  of  oxygen  with  other  material. 
A  part  of  the  oxygen  which  enters  the  lungs  combines  with 
the  red  corpuscles  of  the  blood  and  is  carried  to  all  parts  of 
the  body  where  a  slow  “  burning  ”  takes  place.  The  fuel  for 
this  burning  process  is  furnished  by  the  food  which  is  absorbed 
by  the  body  during  the  process  of  digestion.  Like  other  burn¬ 
ing  processes  this  one  furnishes  heat  to  keep  the  body  warm 
and  in  addition  it  supplies  energy  for  doing  work  and  for  mus¬ 
cular  movements.  For  the  most  part  the  products  of  this  body 
“  fire  ”  are  carbon  dioxide  and  water  and  these  are  exhaled 
from  the  lungs  to  which  they  are  delivered  by  the  blood 
stream. 

Uses  of  Pure  Oxygen.  The  first  property  of  pure  oxygen 
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Courtesy  of  the  Mine  Safety  Appliances  Company 

Fig.  10.  Inhalator  for  Re-establishment  of  Breathing 


which  was  discovered  by  Priestley  was  its  ability  to  cause  the 
flame  of  a  candle  to  burn  with  much  greater  brilliance  than 
is  caused  by  the  air.  This  describes  oxygen  completely.  For 
every  change  brought  about  by  the  oxygen  of  the  air  there  is  a 
much  more  rapid  change  which  is  brought  about  by  pure 
oxygen.  Because  of  this,  pure  oxygen  is  put  to  use  in  many 
instances,  both  in  industry  and  in  medical  practice. 

In  diseases  where  the  normal  capacity  of  the  lungs  is  im¬ 
paired  (pneumonia)  some  oxygen  is  added  to  the  air  inhaled 
by  the  patient.  This  is  done  by  means  of  an  “  oxygen  tent  ” 
which  covers  the  head  and  which  is  filled  with  an  oxygen-rich 
atmosphere.  Because  of  the  added  oxygen,  a  small  amount  of 
lung  tissue  is  made  to  do  more  than  its  normal  share  of  work. 
Similar  methods  are  employed  in  the  treatment  of  persons  who 
have  inhaled  poisonous  gases.  In  the  production  of  anesthesia 
by  nitrous  oxide  (dentist’s  gas),  or  by  ethylene,  pure  oxygen 
is  carefully  supplied  along  with  the  anesthetic. 
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Fig.  11.  The  Inhalator  Saves  a  Life 


When  airplanes  fly  at  great  heights  the  pilots  and  passengers 
suffer  from  “  air  sickness  ”  unless  steps  are  taken  to  prevent 
it.  As  we  go  up  into  the  air  the  amount  of  oxygen  decreases. 
Strike  a  match  in  a  transport  plane  even  at  10,000  feet  and 
there  is  scarcely  enough  flame  to  light  a  cigarette.  This  lack 
of  oxygen  causes  a  slowing  down  of  the  burning  processes  in 
the  body  and  as  a  result,  sickness,  faintness,  and  dulling  of  the 
senses  follow.  In  spite  of  this  difficulty  the  engineers  keep  try¬ 
ing  to  increase  the  height  at  which  planes  engaged  in  transcon¬ 
tinental  and  transoceanic  traffic  may  fly.  They  claim  that  they 
can  make  the  engines  function  better,  attain  greater  speeds, 
and  travel  in  smoother  air  at  altitudes  from  15,000  to  30,000 
feet.  Modern  warfare  has  shown  that  there  are  times  when  an 
altitude  of  30,000  feet  is  quite  desirable.  One  of  the  obvious 
remedies  for  the  illness  due  to  flying  at  such  heights  is  to  supply 
oxygen  to  the  atmosphere  which  is  breathed  by  the  persons  in 
the  plane.  One  method  used  has  been  to  seal  the  cabin  of  the 
plane  and  maintain  a  constant  oxygen  content  from  tanks  of 
the  gas.  This  method  involves  a  great  many  other  problems 
such  as  the  removal  of  odors,  regulation  of  the  moisture  con¬ 
tent  of  the  air,  and  the  removal  of  excess  carbon  dioxide.  An- 
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Fig.  12.  Loading  an  Experimental  Plane  with  Oxygen  for  Pilots 

and  Passengers 


other  method  involves  the  use  of  small  masks  which  are  worn 
by  each  person  aboard  the  plane.  These  masks  are  not  for  the 
purpose  of  keeping  poison  gases  out  but  to  feed  normal 
amounts  of  oxygen  from  a  cylinder  or  bladder.  Some  of  this 
equipment  is  shown  in  the  pictures  and  represents  the  results 
of  research  done  by  the  engineers  and  doctors  of  the  Mayo 
Clinic  at  Rochester,  Minnesota. 

The  use  of  pure  oxygen  permits  the  production  of  very  hot 
flames.  An  ordinary  gas  flame  burning  in  the  air  may  get  quite 
hot  but  if  a  supply  of  pure  oxygen  is  fed  to  the  burner  the  in¬ 
tensity  of  the  heat  is  greatly  increased.  If  oxygen  were  fed  into 
an  ordinary  furnace  in  place  of  air  the  temperature  of  the  fire 
would  become  so  great  that  the  iron  of  the  furnace  would  melt 
and  burn  like  kindling  wood.  By  means  of  special  burners, 
gaseous  fuels  are  burned  with  oxygen  in  order  to  give  the  high 
temperatures  required  for  welding  where  a  metal  is  caused  to 
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Courtesy  of  the  Northwest  Airlines  Inc. 

Fig.  13.  Essential  Parts  of  Oxygen  Equipment  for  Airplanes  as 
Developed  by  Dr.  Boothby  and  Dr.  Lovelace  of  the  Mayo  Clinic 

melt  and  run  into  a  crevice  between  two  pieces  of  metal  which 
are  to  be  joined.  If,  however,  the  supply  of  oxygen  is  in¬ 
creased  beyond  that  required  for  burning  the  fuel,  some  of 
the  metal  will  burn.  At  the  temperatures  produced  by  such 
flames  iron  will  burn  in  pure  oxygen  like  a  highly  com¬ 
bustible  substance.  It  is  upon  this  fact  that  the  flame  cut¬ 
ting  of  metals  is  based.  The  combustion  of  the  metal  itself 
gives  rise  to  considerable  heat  and,  when  once  started,  it 
supplies  most,  if  not  all,  of  the  fuel  for  the  maintenance  of  the 
high  temperature. 

Production  of  Pure  Oxygen.  The  industrial  uses  of  pure 
oxygen  are  so  great  that  an  annual  production  of  over  2,000,- 
000,000  cubic  feet  of  it  which  is  valued  at  more  than 
$20,000,000  occurs  in  the  United  States  alone.  Of  this  total  pro¬ 
duction  about  90  percent  is  obtained  from  liquid  air  by  meth¬ 
ods  which  have  already  been  mentioned.  Almost  all  of  the 
remaining  amount  is  produced  from  water.  To  do  this,  an 
electric  current  is  passed  through  water  which  contains  a  little 
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Courtesy  of  the  Northwest  Airlines  Inc. 

Fig.  14.  Vacuum  Chambers  to  Simulate  Substratosphere  Flying 
Conditions  for  Experiments  at  the  Mayo  Clinic 

sulfuric  acid  or  caustic  soda.  Oxygen  collects  at  the  positive 
electrode  while  hydrogen  collects  at  the  negative  electrode. 
The  two  gases  are  kept  separated  and  are  put  into  tanks  under 
pressure. 

Small  amounts  of  oxygen  may  easily  be  prepared  by  heating 
certain  compounds.  Such  methods  date  back  to  the  work  of 
Priestley  and  Scheele.  The  oxygen  so  prepared  costs  more  than 
the  commercial  price  and  thus  the  use  of  such  methods  is  not 
worth  while  except  for  small-scale  laboratory  use.  A  few  of 
these  are  described. 

1.  Mercuric  oxide  contains  7.38  percent  of  oxygen  and 
when  strongly  heated  it  decomposes  to  give  free  mercury  and 
oxygen.  Most  of  the  metals  will  form  compounds  known  as 
oxides  but  only  a  few  of  them  will  decompose  when  heated  as 
does  mercuric  oxide. 

2.  Barium  dioxide  contains  18.9  percent  of  oxygen  and 
when  heated  to  700°  C.  it  loses  half  of  this  as  oxygen  gas  and 
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Courtesy  of  the  Northwest  Airlines  Inc. 

Fig.  15.  Northwest  Airlines  Pilot  and  Dr.  Lovelace  of  Adayo  Clinic 
Wearing  Oxygen  Equipment  in  Vacuum  Chamber 

forms  a  substance  we  know  as  barium  oxide.  If,  then,  the 
barium  oxide  is  heated  to  500°  C.  in  the  presence  of  an  excess 
of  air  it  will  again  unite  with  additional  oxygen  to  give  back 
the  original  barium  peroxide.  This  cycle  of  changes  has  been 
used  for  the  commercial  production  of  oxygen  from  the  air. 

3.  Potassium  chlorate  contains  39.2  percent  of  oxygen  and 
if  heated  to  400°  C.  it  loses  all  of  this  oxygen  rapidly.  The  ma¬ 
terial  which  is  left  contains  only  potassium  and  chlorine  and 
is  known  as  potassium  chloride.  It  is  by  this  method  that  ox¬ 
ygen  is  usually  prepared  in  the  laboratory.  In  actual  practice, 
however,  a  little  manganese  dioxide  is  mixed  with  the  potas¬ 
sium  chlorate  before  heating  and  as  a  result  the  oxygen  is  liber¬ 
ated  at  a  much  lower  temperature  (about  200°  C.).  After  all 
of  the  oxygen  has  been  liberated  from  the  potassium  chlorate, 
the  resulting  potassium  chloride  may  be  dissolved  in  water  and 
all  of  the  original  manganese  dioxide  recovered  by  simple 
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Courtesy  of  the  Air  Reduction  Sales  Company 

Fig.  16.  Welding  6  inch  Pipe  Line  by  Airco welding  Method 

filtration  through  a  filter  paper.  The  manganese  dioxide  is  thus 
a  queer  sort  of  chemical  helper  which  makes  this  change 
take  place  more  easily.  We  will  have  occasion  to  mention  other 
chemical  helpers  from  time  to  time  and  we  will  classify  all  of 
them  as  catalysts. 

Chemical  Changes.  The  changes  which  take  place  when 
a  substance  burns  are  definite.  Some  of  these  changes  are  easily 
noticed  while  others  take  place  without  being  apparent.  The 
things  formed  (products)  from  the  burning  process  are  al¬ 
ways  different  from  the  things  which  are  burned.  These  dif¬ 
ferences  are  noted  in  composition,  energy  content,  and  prop¬ 
erties.  If  a  piece  of  carbon  burns,  the  product  is  carbon  dioxide, 
formed  by  the  union  of  the  carbon  with  oxygen,  and  heat  is 
liberated.  Now,  carbon  dioxide  is  quite  different  from  either 
carbon  or  oxygen  in  almost  all  its  properties.  Such  a  change 
is  typical  of  a  large  number  of  changes  which  are  termed  chem¬ 
ical  changes. 
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Courtesy  of  the  Air  Reduction  Sales  Company 


Fig.  17.  Preparing  a  Steel  Plate  for  Welding  with  an  Oxyacetylene 
Flame  Cutting  Machine 

One  of  the  most  easily  recognizable  results  of  a  chemical 
change  is  a  change  of  energy,  and  it  is  frequently  by  this  means 
that  we  know  a  chemical  change  has  taken  place.  If  one  steps 
on  the  starter  switch  of  a  car  the  engine  is  turned  because  of 
the  electrical  energy  released  by  a  chemical  change  in  the 
storage  battery.  This  reaction  takes  place  only  during  the  short 
time  that  the  electrical  circuit  is  complete  but  a  large  amount 
of  energy  is  released.  When  one  strikes  a  match  the  energy  of 
the  burning  process  is  released  both  as  heat  and  as  light. 

Not  all  chemical  changes  release  energy  when  they  take 
place  since  many  such  changes  are  known  to  reverse  the  proc¬ 
ess  and  absorb  much  energy.  For  instance,  the  charging  of  the 
storage  battery  is  such  a  chemical  change. 

In  the  light  of  the  discussion  given  in  Chapter  1  it  becomes 
apparent  that  chemistry  is  interested  in  all  these  changes  of  the 
types  mentioned.  Someone  has  defined  chemistry  as  the  sci¬ 
ence  which  deals  with  the  changes  in  the  composition  of  mat¬ 
ter ,  the  energy  changes  which  accompany  them ,  the  causes 
which  produce  them ,  and  the  laws  which  govern  them.  It  is 
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Courtesy  of  the  Air  Reduction  Sales  Company 


Fig.  18.  Flame  Cutting  Circular  Shapes 

also  apparent  that  all  changes  in  form  which  do  not  involve 
the  other  changes  listed  do  not  constitute  changes  of  a  chem¬ 
ical  nature.  Thus,  the  melting  of  iron,  the  molding  of  an  article 
of  clay,  and  other  such  changes  are  purely  physical  and  are 
of  no  special  interest  to  us  while  we  are  dealing  wholly  with 
chemistry.1 

1  For  Summary  and  Questions  see  end  of  Chapter  5. 


ia()ler  5 


THE  ATMOSPHERE:  ITS  COM¬ 
PONENTS,  CONTINUED 


NITROGEN 

It  was  in  1772  that  a  professor  of  botany,  by  the  name  of 
Rutherford,  discovered  the  presence  of  nitrogen  in  the  air. 
He  enclosed  air  over  water  in  an  inverted  jar  and  in  it  he 
burned  various  substances  such  as  carbon  and  phosphorus.  It 
was  observed  that  the  volume  of  air  became  smaller  and  that 
the  residue  was  different  from  ordinary  air.  The  experiment 
was  repeated  using  mice  to  breathe  the  air  and  similar  results 
were  obtained.  The  unused  air  would  no  longer  support  a  flame 
and  mice  placed  in  it  were  unable  to  live.  Rutherford  con¬ 
sidered  it  to  be  air  saturated  with  phlogiston.  Lavoisier  was  the 
first  to  recognize  this  gas  as  a  definite  substance  and  he  named 
it  azote  (lazy)  because  it  was  so  inactive.  About  fifty  years 
later  it  was  given  the  name  nitrogen  (niter  producer)  because 
it  was  found  to  be  present  in  a  substance  then  known  as 
“  niter  ”  and  which  we  now  call  potassium  nitrate. 

Importance  of  Nitrogen.  The  name  which  Lavoisier  gave 
to  nitrogen  is  quite  fitting  for  this  element.  While  it  does  take 
part  in  the  formation  of  many  substances  yet  most  of  the 
nitrogen  in  the  world  exists  as  the  free  gas.  Almost  7  5  percent 
of  the  entire  weight  of  the  atmosphere  is  due  to  nitrogen.  In 
terms  of  actual  figures  we  may  say  that  over  each  square  mile 
of  the  earth’s  surface  there  are  approximately  20,000,000  tons 
of  nitrogen.  It  is  fortunate  that  nitrogen  does  not  have  the 
chemical  activity  of  oxygen  and  that  the  oxygen  of  the  air 
is  diluted  with  this  relatively  inert  gas.  If  we  had  to  breathe 
pure  oxygen  there  is  no  doubt  but  that  we  would  live  much 
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shorter  lives.  We  would  burn  up  faster.  A  fire,  once  started, 
in  an  atmosphere  of  pure  oxygen  would  be  most  difficult  to 
control  and  the  use  of  ordinary  stoves  and  furnaces  would  not 
be  possible.  We  would  also  have  to  use  other  things  than  iron 
and  steel  in  the  construction  of  bridges,  buildings,  and  ma¬ 
chinery  because  pure  oxygen  would  certainly  cause  them  to 
rust  away  in  a  hurry.  Wood,  too,  would  suffer  rapid  decay  as 
would  other  such  material. 

In  spite  of  the  inactive  nature  of  nitrogen  its  compounds  are 
of  the  utmost  importance.  The  very  cell  structure  of  our  bodies 
contains  compounds  of  nitrogen  which  are  essential  to  life. 
Plants,  too,  require  nitrogen  for  their  growth  and  it  is  from 
them  that  animals  obtain  all  of  their  supply.  Some  plants  are 
able  to  get  their  nitrogen  directly  from  the  air  with  the  aid  of 
bacteria  which  live  on  their  roots  but  this  is  not  generally  true. 
As  a  rule,  the  nitrogen  of  the  air  is  not  available  to  plant  life  at 
all.  It  is  because  of  this  that  nitrogen  fertilizers  must  be  added 
to  the  soil. 

Ever  since  the  discovery  of  gunpowder  changed  the  course 
of  warfare  the  world  has  sought  compounds  of  nitrogen  which 
are  known  as  nitrates.  All  explosives  which  have  ever  been  of 
any  importance  have  been  made  from  compounds  of  nitrogen. 
In  the  pioneer  days  of  our  country  it  was  of  prime  importance 
for  every  settlement  to  possess  a  supply  of  saltpeter  (potassium 
nitrate)  with  which  to  make  gunpowder.  This  was  aided  at 
times  by  their  saving  every  bit  of  animal  matter  which  could 
be  converted  into  this  necessary  compound.  Later  a  supply  of 
suitable  material  was  discovered  in  large  deposits  in  South 
America  and  it  is  known  as  Chilean  nitrate.  From  this,  the 
necessary  nitrogen  compounds  may  be  obtained  and  for  many 
years  the  wartime  defense  of  all  countries  was  dependent  upon 
this  South  American  supply  which  is  essentially  sodium  nitrate. 
With  a  world  full  of  nitrogen  all  about  them  they  were  unable 
to  use  it  as  a  fertilizer  or  for  explosives  just  because  they  did  not 
know  how  to  make  it  unite  chemically  with  anything  else 
which  could  be  economically  used. 

Since  about  1913,  however,  it  has  been  possible  to  manu- 
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facture  suitable  compounds  of  nitrogen  from  the  nitrogen  of 
the  air.  This  has  made  available  an  unlimited  supply  of  explo¬ 
sives  and  fertilizers  and  there  is  no  doubt  but  what  it  has  made 
possible  many  of  the  horrors  of  modern  war.  The  country  that 
wants  to  go  to  war  no  longer  has  to  look  to  the  sea  lanes  for 
a  source  of  explosives  because  all  the  nitrogen  needed  will  drift 
in  on  the  wind.  They  need  only  mechanical  power  to  make  use 
of  it  since  heat  and  pressure  are  required  to  cause  nitrogen  to 
combine  with  some  other  elements.  The  industry  is  large 
enough  to  supply  nitrogen  fertilizers  even  in  time  of  war.  The 
details  of  the  processes  used  will  be  given  along  with  the  dis¬ 
cussions  of  fertilizers  and  explosives  since  the  reader  is  not 
ready  to  understand  the  chemistry  involved  at  the  present 
time. 

OTHER  COMPONENTS  OF  THE  ATMOSPHERE 

Water  Vapor.  It  is  common  knowledge  that  the  air  con¬ 
tains  water  vapor  at  all  times.  The  amount  present  depends 
upon  many  factors  such  as  location,  temperature,  wind  cur¬ 
rents,  altitude,  and  other  things  which  seem  to  affect  the 
weather.  If  we  are  hot  and  sticky  in  the  summer  we  blame  it  on 
the  moisture  of  the  air  and  if  we  are  cold  and  uncomfortable  in 
the  winter  in  spite  of  clothing  we  again  blame  it  on  the  moisture 
content  of  the  air.  If  a  wind  blows  which  dries  the  farm  crops 
and  burns  the  skin  we  complain,  and  if  the  days  are  full  of  fog 
and  the  nights  cause  us  to  speak  with  husky  voices  we  again 
complain.  Always  we  find  fault  with  the  water  vapor  in  the  air. 
We  are  taught  from  the  time  of  our  grade  schools  that  rains  are 
produced  by  the  proper  combination  of  moisture-laden  air  cur¬ 
rents.  Our  whole  lives  are  regulated  by  the  presence  or  absence 
of  such  a  small  amount  of  this  vital  substance.  The  exact  treat¬ 
ment  of  water  vapor  will  appear  under  the  discussion  of  water. 

Carbon  Dioxide.  When  fires  burn  there  are  great  quantities 
of  carbon  dioxide  formed  which  are  at  once  given  to  the  air. 
Every  creature  that  breathes  exhales  carbon  dioxide  as  one  of 
the  products  of  respiration.  It  is  evolved  during  the  process  of 
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decay.  One  may  be  tempted  to  think  that  the  total  quantity 
of  this  gas  in  the  atmosphere  is  constantly  increasing,  but  na¬ 
ture  has  provided  a  balance.  All  plants  which  we  commonly 
know  depend  upon  the  carbon  dioxide  of  the  air  for  their 
growth.  Every  tree  and  blade  of  grass  stretches  forth  its  green 
leaves  into  the  air  in  order  to  have  access  to  as  much  of  this 
life-giving  substance  as  is  possible.  Because  of  this  use  of  carbon 
dioxide  we  find  that  its  amount  in  the  atmosphere  remains 
fairly  constant  (.03  to  .04  percent). 

The  leaves  of  the  plants  serve  as  manufacturing  establish¬ 
ments  where  the  carbon  dioxide  of  the  air  and  the  water  within 
the  plant  may  be  brought  together  and  made  to  form  starch, 
sugar,  cellulose,  and  other  plant  tissue.  The  energy  for  these 
changes  comes  from  the  rays  of  the  sun  and  the  green  chlo¬ 
rophyll  within  the  plant  acts  as  a  chemical  helper  or  catalyst. 

Carbon  dioxide  has  a  place  in  the  family  kitchen.  We  have 
often  heard  that  bread  is  the  staff  of  life  but  when  we  buy  or 
make  bread  we  want  it  to  be  filled  with  little  holes.  We  know 
that  the  bread  has  been  made  to  rise  prior  to  baking  and  it  is 
to  carbon  dioxide  that  we  look  for  this  action.  Sometimes  the 
cook  places  baking  powder  in  the  dough  and  sometimes  it  is 
baking  soda  but  in  any  case  carbon  dioxide  is  released  through¬ 
out  the  dough  and  the  form  of  the  bubbles  is  retained  by 
the  baking  process.  Frequently  the  carbon  dioxide  is  formed 
within  the  dough  by  the  fermenting  action  of  yeast  on  the 
starch  and  sugar  which  are  present. 

The  preparation  of  soft  drinks  and  other  beverages  which 
contain  carbon  dioxide  is  classed  as  big  business.  The  drinks 
so  prepared  are  effervescent  and  have  a  taste  which  is  enjoyed 
by  almost  everyone.  As  a  rule,  these  carbonated  drinks  are  pre¬ 
pared  by  the  addition  of  sugar  syrup,  flavoring,  and  coloring 
matter  to  water  and  then  when  thoroughly  cool  the  liquid  is 
treated  with  carbon  dioxide  under  pressure.  So  long  as  the 
mixture  is  kept  cold  the  gas  stays  dissolved  but  if  the  bottle 
is  opened  while  warm  most  of  the  carbon  dioxide  escapes. 

Within  recent  years  we  have  become  acquainted  with  “  dry 
ice.”  When  carbon  dioxide  is  put  under  pressure  and  cooled 
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it  quickly  changes  to  a  liquid.  If  this  liquid  is  allowed  to  stream 
through  a  small  opening  into  an  insulated  box  a  great  amount 
of  it  is  cooled  enough  to  form  a  white  solid.  This  process  is 
similar  to  the  production  of  liquid  air.  The  white  solid  looks 
like  snow  and  if  pressed  into  a  cake  it  may  be  handled  like 
ice.  It  must  be  remembered,  however,  that  solid  carbon  dioxide 
has  a  temperature  which  is  almost  80  centigrade  degrees  colder 
than  water  ice.  Because  of  this  it  should  never  be  handled  with 
the  bare  hands.  There  are  a  number  of  advantages  of  dry  ice 
over  ordinary  ice.  Many  foods  must  be  kept  cold  during  ship¬ 
ment  and  for  this  purpose  many  tons  of  ice  must  be  placed  in 
the  railway  cars  which  serve  as  refrigerators.  If  the  tempera¬ 
ture  must  be  kept  very  low  it  is  necessary  to  add  a  ton  or  so  of 
salt  to  the  ice.  With  solid  carbon  dioxide,  however,  it  is  only 
necessary  to  use  a  thousand  pounds  or  so  and  it  is  never  neces¬ 
sary  to  add  any  salt.  The  saving  in  freight  alone  becomes  con¬ 
siderable.  When  water  ice  melts  it  forms  a  liquid  which  must 
be  disposed  of  and  if  salt  is  also  present  the  liquid  causes  rust 
to  form  in  the  metal  containers.  When  dry  ice  is  allowed  to 
stand  it  forms  a  gas  and  there  is  no  liquid  at  all.  This  means 
that  paper  cartons  can  be  used  for  packages  and  the  entire 
handling  process  is  kept  much  cleaner. 

There  are  two  main  sources  of  commercial  carbon  dioxide; 
the  burning  of  coke  and  the  fermentation  industries.  The  car¬ 
bon  dioxide  in  the  air  is  in  quantities  too  small  to  make  its 
recovery  worth  while.  A  good  grade  of  coke,  which  is  largely 
carbon,  is  burned  in  an  excess  of  air  and  the  escaping  gases  are 
bubbled  through  water  which  contains  washing  soda  (sodium 
carbonate).  The  carbon  dioxide  reacts  with  the  sodium  car¬ 
bonate  and  changes  it  to  sodium  bicarbonate  which  is  the  same 
as  baking  soda.  This  is  crystallized  out  from  the  water  solu¬ 
tion  and  heated  to  give  back  the  pure  carbon  dioxide  and 
the  original  washing  soda  which  is  used  over  again.  The  fer¬ 
mentation  industries  include  the  manufacture  of  beer,  alcohol, 
and  certain  other  things  which  are  produced  by  the  action 
of  certain  forms  of  yeast  upon  starch  or  molasses.  The  weight 
of  the  carbon  dioxide  produced  is  almost  equal  to  that  of  the 
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alcohol  formed.  Regardless  of  the  source  of  the  carbon  diox¬ 
ide  it  is  purified  and  compressed,  with  cooling,  to  a  little  more 
than  1000  pounds  pressure  per  square  inch  in  order  to  change 
it  to  a  liquid.  It  may  then  be  put  in  steel  tanks  for  sale  or  con¬ 
verted  to  the  solid  and  sold  as  “  dry  ice.” 

Argon.  Soon  after  the  discovery  of  oxygen  and  nitrogen, 
an  Englishman,  by  the  name  of  Cavendish,  did  a  number  of 
experiments  in  which  he  passed  an  electric  spark,  from  a 
static  machine,  through  mixtures  of  these  two  gases.  He  found 
that  they  combined  to  form  an  oxide  of  nitrogen  which  could 
be  absorbed  by  the  water.  Each  time  he  tried  the  experiment  he 
noticed  that  a  part  of  the  gas  was  unchanged  and  further  spark¬ 
ing  with  fresh  oxygen  failed  to  cause  its  combination.  He  was 
of  the  opinion  that  this  small  residue  of  gas  (1/120  of  the  orig¬ 
inal  air)  was  not  nitrogen  and  he  made  his  observations  known 
through  the  scientific  literature  of  the  time.  For  more  than  one 
hundred  years  this  information  went  unexplained  and  prob¬ 
ably  unnoticed. 

In  1 894,  another  Englishman,  Lord  Rayleigh,  was  interested 
in  the  weights  of  various  gases.  Among  others  he  weighed  ni¬ 
trogen  and  in  the  true  scientific  spirit  he  prepared  his  nitrogen 
samples  by  every  possible  method.  Some  of  these  were  pre¬ 
pared  by  burning  all  the  oxygen  out  of  the  air  and  absorbing 
the  products  of  the  combustion  with  suitable  agents  and  some 
of  them  were  prepared  by  the  decomposition  of  substances 
which  liberate  nitrogen  when  heated.  You  may  imagine  his 
surprise  when  he  found  that  he  could  not  weigh  the  two  and 
get  similar  results.  He  checked  his  balances  and  checked  his 
methods  only  to  find  that  he  was  introducing  no  error.  The 
gas  from  the  two  sources  could  not  be  the  same.  The  gas  pre¬ 
pared  from  pure  compounds  of  nitrogen  was  lighter  than  the 
gas  prepared  from  the  air. 

Sir  William  Ramsay  was  called  in  to  help  him  on  the  prob¬ 
lem  and  together  they  found  references  to  the  earlier  work  of 
Cavendish.  They  then  passed  the  nitrogen  produced  from  the 
air  over  white-hot  magnesium  and  this  formed  a  solid  com¬ 
pound,  magnesium  nitride,  with  the  nitrogen.  They  found 
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about  1/108  of  the  original  volume  of  the  air  refused  to  com¬ 
bine  with  the  magnesium.  They  agreed  that  it  must  be  a  new 
substance  and  they  called  it  the  element  argon.  This  is  the 
Greek  for  “  lazy  ”  and  they  so  named  it  because  of  its  in¬ 
activity.  Up  to  the  present  time  no  one  has  been  able  to  make 
argon  combine  with  any  other  element  or  substance.  It  is  now 
thought  to  be  entirely  inactive. 

Even  though  there  are  no  compounds  of  argon,  it  finds  a 
use.  By  using  care  in  the  liquefaction  of  air  they  are  able  to 
separate  it  as  a  by-product.  In  the  manufacture  of  electric  light 
bulbs  it  has  been  found  that  those  filled  with  this  argon  give 
much  better  service  than  those  which  are  evacuated  or  which 
contain  any  other  gas.  As  a  result,  most  of  the  bulbs  larger 
than  fifty  watts  are  filled  with  argon. 

Helium.  During  a  solar  eclipse  in  1 868,  Sir  Norman  Lockyer 
observed  the  presence  of  a  peculiar  yellow  color  in  the  light 
from  the  sun.  Now  white  light  is  really  a  mixture  of  all  the 
various  colors  and  by  sending  the  white  light  through  suitable 
glass  prisms  it  is  possible  to  separate  these  colors  into  a  rainbow¬ 
like  spectrum.  If  this  spectrum  is  spread  out  enough  the  dif¬ 
ferent  colors  are  broken  up  into  separate  bright  lines  so  that  the 
various  shades  of  the  same  color  are  divided  one  from  the 
other.  During  the  course  of  investigations  it  had  been  found 
that  by  heating  various  elements  to  a  white-heat  they  would 
give  rise  to  certain  characteristic  sets  of  these  colors.  Each  ele¬ 
ment  was  found  to  be  peculiar  unto  itself  so  that  by  observing 
the  colors  of  light  given  off  by  hot  substances  the  investigators 
were  able  to  identify  the  elements  in  the  heated  material.  It  was 
with  all  of  this  information  that  Lockyer  approached  the  task 
of  observing  the  light  given  off  by  the  layer  of  gases  surround¬ 
ing  the  sun.  He  found  a  yellow  line  in  the  spectrum  of  the  sun 
which  had  never  been  produced  by  heating  any  known  ele¬ 
ment.  He  then  made  the  simple  assumption  that  there  must  be 
a  gaseous  element  on  the  sun  which  had,  at  that  time,  never 
been  encountered  on  the  earth.  To  this  element  he  gave  the 
name  helium ,  meaning  “  the  sun.” 

Soon  after  1890,  an  American  chemist,  W.  F.  Hillebrand, 
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who  was  working  with  the  U.  S.  Geological  Survey,  heated 
a  mineral  known  as  cleveite  and  from  it  got  an  inactive  gas 
which  he  described  as  nitrogen.  By  this  time,  Ramsay  was 
looking  for  compounds  of  argon  and  he  passed  up  no  oppor¬ 
tunities  to  analyze  all  samples  of  inactive  gases  which  he  could 
find.  The  discovery  of  argon  had  taught  him  an  important 
lesson.  He  at  once  got  hold  of  all  the  samples  of  cleveite  which 
he  could  find,  heated  them,  and  collected  the  gases  which  were 
evolved.  By  means  of  white-hot  magnesium  again  he  removed 
all  of  the  nitrogen  and  still  had  some  gas  left.  This,  he  heated 
to  incandescence  so  that  he  could  observe  the  colors  emitted 
and  possibly  identify  it.  The  gas  proved  to  be  helium.  Like 
argon  it  was  found  to  be  entirely  inactive  and  formed  no  com¬ 
pounds  whatever.  It  was  found  to  be  much  lighter  than  air 
and  next  to  hydrogen  it  is  the  lightest  gas  known. 

Helium  took  on  importance  almost  at  once.  Men  had  been 
going  up  into  the  air  in  balloons  of  various  types  and  the  most 
effective  lifting  gas  was  hydrogen.  The  trouble  was  that  this 
same  hydrogen  was  extremely  explosive  when  in  contact  with 
air  and  there  was  a  constant  danger  of  fire.  The  possibility  of 
getting  helium  for  filling  observation  balloons  for  the  defense 
of  the  British  Isles  was  considered.  This  element  is  present  in 
the  air  to  the  extent  of  0.0005  percent  by  volume  and  it  would 
take  200,000  cubic  feet  of  air  to  supply  one  cubic  foot  of  it. 
Some  helium  has  been  prepared  from  air  by  the  careful  evap¬ 
oration  of  liquid  air  but  the  cost  prohibits  its  use  for  quantity 
production. 

A  gas  well  was  discovered  at  Dexter,  Kansas,  about  1907  and 
during  the  proper  celebration  attempts  were  made  to  light  it. 
The  gas  failed  to  light,  however,  because  it  contained  too  much 
nitrogen.  A  sample  was  sent  to  Dr.  Cady,  at  the  University  of 
Kansas,  for  analysis.  It  just  happened  that  Dr.  Cady  had  done 
some  of  the  early  work  on  helium  and  he  went  about  the  task 
with  the  proper  methods.  He  got  rid  of  all  the  combustible 
material,  then  all  of  the  nitrogen,  and  still  had  some  gas  left. 
This  contained  an  amount  of  helium  equivalent  to  almost  two 
percent  of  the  original  gas  used.  Samples  of  natural  gas  from 
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all  over  the  country  were  collected  and  their  helium  content 
determined.  It  was  discovered  that  the  quantity  of  this  element 
present  depends  upon  the  geographical  location  of  the  well  and 
the  experimenters  were  able  to  predict  the  helium  content  of 
a  sample  of  gas  without  actually  making  the  determination.  By 
the  time  this  work  was  nearing  completion  the  first  world  war 
was  started  and  the  Allies  were  wanting  Dr.  Cady  to  start  a 
plant  for  the  production  of  this  valuable  gas.  By  this  time  the 
Kansas  gas  was  exhausted  and  other  sources  were  looked  for. 
A  plant  was  erected  in  Texas  where  the  gas  contained  almost 
one  percent  of  helium  and  now  there  is  a  large  plant  at  Ama¬ 
rillo,  Texas,  which  produces  more  than  20,000,000  cubic  feet 
of  this  gas  each  year  when  working  at  full  capacity.  The  first 
helium  produced  sold  at  the  rate  of  $2500  per  cubic  foot  but 
now  the  commercial  price  is  within  the  range  of  $8.00  to 
$15.00  per  thousand  cubic  feet. 

Because  of  the  importance  which  helium  has  attained,  the 
government  has  taken  over  all  available  supplies  and  it  is  now 
operated  as  a  monopoly.  By  an  act  of  Congress  this  gas  may 
be  sold  for  medical,  scientific,  and  commercial  purposes  at 
reasonable  prices.  Sales  of  large  amounts  to  foreign  powers 
have  been  refused. 

A  mixture  of  helium  and  oxygen  is  used  in  place  of  air  for 
divers  and  others  who  must  work  under  high  pressure.  When 
digging  tunnels  under  rivers  the  men  must  work  in  compressed 
air.  This  causes  more  than  the  ordinary  amount  of  air  to  dis¬ 
solve  in  their  blood  and  when  they  return  to  the  surface  the 
nitrogen  comes  out  and  forms  bubbles  in  the  blood  stream. 
The  men  so  affected  appear  to  be  drunk  and  sometimes  they 
die  from  the  effects.  A  person  so  affected  is  said  to  have  the 
“  bends.”  The  Bureau  of  Mines  working  with  the  Public 
Health  Service  has  found  that  the  helium-oxygen  mixture  per¬ 
mits  them  to  bring  a  man  to  the  surface  much  faster  than  is 
possible  when  air  is  used. 

Helium  is  twice  as  heavy  as  hydrogen  but  it  is  so  much 
lighter  than  air  that  it  has  a  lifting  power  which  is  92  percent 
that  of  hydrogen.  It  is  possible,  also,  to  use  a  mixture  of  20 
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percent  of  hydrogen  and  80  percent  of  helium  without  danger 
of  its  catching  fire.  A  number  of  large  airship  accidents  have 
occured  within  the  memory  of  most  of  us  and  many  were 
caused  by  the  hydrogen  with  which  the  balloons  were  filled. 
The  greatest  disaster  of  all  time  which  these  ships  experienced 
was  that  which  befell  the  great  German  ship  Hindenburg  when 
it  caught  fire  and  burned  while  making  a  landing  at  Lakehurst. 
This  was  a  passenger  liner  and  had  covered  countless  miles  in 
use  between  Europe  and  the  Americas.  The  United  States  has 
filled  its  balloons  with  helium  but  even  they  have  experienced 
difficulty.  Two  of  these  massive  ships  were  broken  apart  in 
storms  but  in  neither  case  was  the  accident  followed  by  fire. 

Neon,  Krypton,  Xenon.  From  the  time  of  the  discovery  of 
argon  and  helium  in  the  atmosphere,  Ramsay  began  to  suspect 
that  there  were  other  inactive  gases  present  in  small  amounts. 
By  the  most  careful  boiling  of  liquid  air,  followed  by  lique¬ 
faction  and  reboiling  of  the  separate  gases  he  and  his  helpers 
were  able  to  identify  three  other  elements.  These  were  named 
neon  (new),  krypton  (hidden),  and  xenon  (stranger).  Of 
these,  we  are  probably  more  accustomed  to  the  behavior  of 
neon  than  of  any  other.  When  placed  under  small  pressure  in 
a  tube  fitted  with  electrical  connections  we  get  the  familiar 
neon  sign.  Argon  and  helium  are  sometimes  mixed  with  neon 
for  these  signs  in  order  to  get  the  desired  color  effects.  The 
color  of  the  glass  tube  influences  the  color  of  the  light  given 
off  as  does  also  the  presence  of  certain  types  of  luminous  paint. 
This  phenomenon  is  discussed  on  page  182. 

Relative  Abundance  of  Atmospheric  Gases.  There  is  a 
slight  variation  in  the  composition  of  the  atmosphere  when 
sampled  at  different  locations.  The  relative  quantities  of  the 
gases  in  the  atmosphere  are  as  follows: 


Nitrogen  . 1  volume  in  1.28  volumes  of  air 

Oxygen . 1  volume  in  4.8  volumes  of  air 

Argon  . 1  volume  in  106.8  volumes  of  air 

Carbon  dioxide  ....  1  volume  in  3,400  volumes  of  air 

Hydrogen . 1  volume  in  10,000  volumes  of  air 

Neon . 1  volume  in  65,000  volumes  of  air 
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Helium  . 1  volume  in  200,000  volumes  of  air 

Krypton  . 1  volume  in  1,000,000  volumes  of  air 

Xenon  . 1  volume  in  1 1,000,000  volumes  of  air 


SUMMARY 

The  atmosphere  is  a  mixture  of  a  number  of  gases.  Those 
which  directly  affect  us  are  nitrogen,  oxygen,  carbon  dioxide, 
and  water  vapor.  The  components  of  the  air  may  be  separated 
by  means  of  liquefaction  brought  about  by  the  application  of 
pressure  with  cooling. 

For  animals  and  other  forms  of  life  with  respiratory  systems 
the  oxygen  is  essential  to  carry  on  the  “  burning  ”  of  foods 
within  the  tissues  of  the  body.  Oxygen  takes  part  in  rusting, 
decay,  and  the  burning  of  fuels.  Hot  flames  may  be  produced 
by  burning  gaseous  fuels  with  pure  oxygen  using  special  burn¬ 
ers.  Oxygen  is  used  in  the  treatment  of  pneumonia,  while  giv¬ 
ing  certain  anesthetics,  in  mine  rescue  work,  and  to  supply 
passengers  and  crews  in  airplanes  flying  at  great  heights. 

Most  of  the  oxygen  used  is  prepared  from  liquid  air  and  a 
small  amount  is  prepared  from  water  by  the  use  of  an  electric 
current.  Small  amounts  of  oxygen  may  be  prepared  by  heat¬ 
ing  certain  compounds  of  oxygen  which  are  decomposed  by 
heat. 

The  nitrogen  of  the  air  seems  to  have  no  particular  use  ex¬ 
cept  to  dilute  the  oxygen  and  thus  prevent  too  rapid  burning. 
Compounds  of  nitrogen  are  essential  to  plant  and  animal  life 
but  neither  is  able  to  take  nitrogen  from  the  air  and  use  it. 
Chilean  nitrate  has  served  as  the  main  source  of  nitrogen  com¬ 
pounds  until  twenty-five  years  ago.  Compounds  may  now  be 
made  from  the  nitrogen  of  the  air  and  these  serve  as  the  start¬ 
ing  material  for  the  manufacture  of  fertilizers  and  explosives. 

Chemical  changes  are  those  during  which  new  substances 
are  formed  having  different  properties  and  different  energy 
contents  than  the  original  material. 

There  are  five  completely  inert  gases  in  the  atmosphere. 
Argon  finds  use  in  filling  light  bulbs.  Helium  is  extra  light  and 
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noninflammable  and  is  used  to  fill  airships.  It  is  separated  from 
natural  gas.  Neon  is  used  in  electric  signs.  Krypton  and  xenon 
have  no  particular  uses  as  yet. 


REVIEW  QUESTIONS 

1.  Give  two  independent  pieces  of  evidence  which  show  air 
to  be  a  mixture. 

2.  What  were  the  contributions  of  Priestley,  Scheele,  and  La¬ 
voisier  to  the  early  history  of  oxygen? 

3.  In  what  way  did  Mayow  explain  combustion? 

4.  Why  did  Priestley  call  the  gas  he  prepared  “  dephlogisti- 
cated  air  ”? 

5.  Give  the  differences  between  the  phlogiston  theory  and  the 
modern  theory  of  combustion. 

6.  By  what  means  does  a  fish  get  oxygen  for  respiration? 

7.  Breathing  becomes  quite  difficult  in  air  which  contains  as 
little  as  16  percent  of  oxygen.  Would  you  conclude  that  the  body 
uses  all  of  the  oxygen  in  the  air  which  is  taken  into  the  lungs? 

8.  It  is  an  easily  observed  fact  that  faintly  moist  material  de¬ 
cays  faster  than  dry  material,  moist  iron  rusts  more  rapidly  than 
dry  iron,  and  barely  moist  hay  is  more  apt  to  take  fire  spontane¬ 
ously  than  dry  hay.  What  sort  of  agent  does  the  trace  of  mois¬ 
ture  appear  to  be? 

9.  What  sort  of  change  is  it  which  produces  a  new  substance 
and  an  energy  change? 

10.  What  are  the  ideal  conditions  for  the  production  of  spon¬ 
taneous  combustion? 

11.  What  part  do  the  red  blood  corpuscles  play  in  respiration? 

12.  Why  is  oxygen  sometimes  added  to  the  air  breathed  by 
pneumonia  patients? 

1 3 .  Why  is  extra  oxygen  supplied  to  persons  in  airplanes  flying 
at  great  heights? 

14.  What  happens  when  white-hot  iron  is  placed  in  a  stream  of 
pure  oxygen? 

15.  Describe  the  method  of  getting  pure  oxygen  from  the  air. 

16.  Name  some  compounds  from  which  oxygen  may  be  pre¬ 
pared  by  heating.  Why  are  these  not  commercial  sources? 

17.  List  as  many  cases  as  you  can  which  show  the  destructive 
action  of  the  gases  in  the  atmosphere. 
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18.  Define  the  field  of  chemistry. 

19.  Why  must  animals  eat  compounds  of  nitrogen?  What  is 
the  source  of  these? 

20.  Why  are  nitrogen  compounds  essential  to  warfare?  Where 
does  the  nitrogen  for  these  come  from? 

21.  Why  are  countries  no  longer  dependent  upon  the  nitrates 
from  Chile? 

22.  What  is  the  meaning  of  the  name  which  Lavoisier  gave  to 
the  gas  which  we  call  nitrogen?  Why  was  this  name  especially 
suitable? 

23.  What  is  the  chief  function  of  atmospheric  nitrogen? 

24.  What  are  the  principal  products  produced  by  respiration? 

25.  What  use  do  plants  make  of  carbon  dioxide? 

26.  What  use  is  made  of  carbon  dioxide  in  the  family  kitchen? 
In  beverages? 

27.  What  is  dry  ice  and  how  is  it  made?  What  are  the  ad¬ 
vantages  of  its  use? 

28.  What  indication  did  Cavendish  have  for  the  presence  of 
argon  in  the  air? 

29.  Why  did  Lord  Rayleigh  suspect  the  presence  of  a  new 
substance  in  the  air?  How  was  its  presence  shown? 

30.  Why  was  it  possible  to  detect  the  presence  of  helium  on  the 
sun  before  it  was  found  on  the  earth? 

3 1 .  Why  did  Hillebrand  assume  the  gas  he  obtained  from  cleve- 
ite  to  be  nitrogen? 

32.  Why  should  the  Government  have  a  monopoly  on  helium 
production? 

33.  What  uses  has  helium?  Why  is  helium  used  in  place  of 
other  gases? 

34.  Why  is  helium  not  produced  from  the  air  in  those  countries 
that  have  no  supply  in  natural  gas? 
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WATER:  ITS  COMPOSITION. 
ATOMIC  THEORY.  UNITS 
OF  MEASURE 


We  can  be  certain  that  the  first  man  to  inhabit  the  earth 
was  acquainted  with  water.  Its  presence  was  considered  as 
essential  to  life  and  we  may  recall  that  Aristotle  listed  it  as  one 
of  the  four  primary  elements  of  which  all  things  are  composed. 
One  may  readily  see  that  an  accepted  concept  of  this  sort  could 
stifle  thought  for  some  time  but  it  is  hard  to  believe  that  it 
could  do  so  for  two  thousand  years. 

Synthesis  of  Water.  Among  the  various  things  done  by 
Cavendish  was  the  addition  of  an  acid  to  bits  of  zinc  which 
resulted  in  the  evolution  of  a  gas.  There  is  evidence,  too,  that 
Boyle  had  done  this  same  thing  almost  one  hundred  years  pre¬ 
viously.  Cavendish,  however,  was  not  satisfied  only  to  have 
prepared  this  gas  and  he  set  about  to  discover  how  it  would  be¬ 
have  under  various  conditions  of  treatment.  It  did  not  take  him 
long  to  discover  that  it  would  burn  if  ignited  in  the  air.  After 
the  discovery  of  oxygen  had  been  announced  he  mixed  his 
new  gas  with  oxygen  and  set  fire  to  the  mixture  with  a  spark 
from  a  static  machine.  An  explosion  took  place  and  a  small 
amount  of  liquid  formed.  This  liquid  was  identified  by  him 
as  water.  He  assumed  the  new  gas  to  be  a  form  of  phlogiston 
and  he  named  it  “  inflammable  air.” 

With  his  usual  keen  ability,  Lavoisier  took  up  the  work 
where  Cavendish  left  off  and  he  demonstrated  the  relationship 
between  “  inflammable  air,”  oxygen,  and  water.  This  was 
merely  another  bit  of  evidence  for  his  theory  of  combustion 
and  the  “  inflammable  air  ”  was  a  new  element.  This  he  named 
hydrogen  (water  producer).  It  was  shown  that  a  stream  of 
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hydrogen  will  burn  in  the  air  very  much  as  we  know  a  stream 
of  gas  burns  if  lighted  at  the  stove.  The  flame  produced  by 
hydrogen  is  much  hotter  than  an  ordinary  flame  and  the  only 
product  of  the  combustion  is  water  vapor.  This  union  of  hy¬ 
drogen  and  oxygen  is  classed  as  a  chemical  change  since  their 
combination  produces  a  new  substance  with  properties  which 
are  different  from  those  of  the  uniting  substances,  and  during 
the  combination  energy  is  evolved.  Such  a  formation  of  a  new 
substance  from  the  elements  or  from  more  simple  things  is 
called  synthesis. 

Decomposition  of  Water.  It  was  not  long  after  the  true 
composition  of  water  was  demonstrated  before  men  began 
their  attempts  to  bring  about  its  decomposition  into  the  ele¬ 
ments.  This  was  materially  aided  by  the  discovery  of  the  ordi¬ 
nary  electric  battery  in  1799,  when  for  the  first  time  in  history 
scientists  were  supplied  with  current  electricity.  This  new  tool 
was  destined  to  become  one  of  the  most  important  in  scientific 
research.  Early  in  1800,  two  English  workers,  Nicholson  and 
Carlisle,  reported  that  they  had  passed  this  new  current 
through  water  which  contained  a  little  acid.  They  had  ob¬ 
tained  hydrogen  at  one  wire  and  oxygen  at  the  other.  These 
gases  had  bubbled  up  through  the  liquid  and  had  been  trapped 
in  tubes. 

Quantitative  Composition  of  Water.  With  the  definite 
knowledge  concerning  the  composition  of  water  there  came 
the  desire  on  the  part  of  investigators  to  determine  the  exact 
relationship  between  the  amounts  of  hydrogen  and  oxygen 
which  are  combined  in  it.  This  has  been  done  by  means  of  two 
methods:  synthesis  and  decomposition. 

The  outstanding  work  on  the  exact  composition  of  water 
as  determined  by  synthesis  was  done  by  Morley,  an  American 
chemist.  He  weighed  the  amounts  of  hydrogen  and  oxygen 
which  combined  and  then  he  weighed  the  quantity  of  water 
produced.  Because  of  the  number  of  experiments  performed 
together  with  the  painstaking  methods  which  he  used,  his  work 
has  become  an  example  of  accuracy  in  experimental  methods. 
He  was  able  to  show  that  by  weight  1  part  of  hydrogen  com- 
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bines  with  7.94  parts  of  oxygen  and  by  volume  2.0024  parts 
of  hydrogen  combine  with  1  part  of  oxygen. 

The  decomposition  of  water  by  the  electric  current  (elec¬ 
trolysis)  has  been  carried  out  in  an  apparatus  which  permits 
the  measurement  of  the  gases  evolved  (Figure  19).  The  ox¬ 
ygen  is  released  at  the  positive  electrode 
(wire  connected  to  the  positive  side  of 
the  battery)  and  the  hydrogen  is  re¬ 
leased  at  the  negative  electrode.  The 
gases  rise  in  the  separate  tubes  and  may 
be  measured  as  they  collect.  In  a  large 
number  of  experiments  it  has  been  de¬ 
termined  that  the  volume  of  hydrogen 
obtained  is  almost  exactly  twice  the  vol¬ 
ume  of  the  oxygen  collected.  In  fact,  if 
we  consider  that  the  two  gases  do  not 
obey  exactly  the  gas  laws,  and  we  make 
the  necessary  corrections,  we  find  that 
by  volume  the  ratio  of  hydrogen  to  ox¬ 
ygen  is  exactly  two  to  one.  Regardless 
of  the  source  of  the  water  used  this  ratio 
always  is  the  same. 

The  Conservation  of  Energy.  Dur¬ 
ing  the  formation  of  water  from  hydro¬ 
gen  and  oxygen  by  burning  we  find  a 
considerable  amount  of  energy  released 
in  the  form  of  heat.  In  a  number  of  experiments  in  which 
exactly  the  same  weights  of  water  are  produced  we  find 
that  exactly  like  amounts  of  heat  are  liberated.  Also,  it  has 
been  determined  that  exactly  equal  amounts  of  electricity 
are  required  for  the  decomposition  of  like  amounts  of 
water. 

The  changes  involved  during  the  synthesis  and  the  decom¬ 
position  of  water  may  be  represented  as  follows: 


Fig.  19.  The  Electrol¬ 
ysis  of  Water 


hydrogen  4-  oxygen  — »  water  4-  heat  energy 

water  +  electrical  energy  — >  hydrogen  4-  oxygen 
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The  arrow  used  in  these  expressions  and  which  will  be  used 
in  other  examples  may  be  read  to  mean  44  gives.”  The  two  ex¬ 
pressions  as  written  tell  something  about  what  happens  but 
there  is  no  indication  of  how  much  of  each  substance  is  in¬ 
volved  or  how  much  heat  or  electrical  energy  is  connected 
with  each  change.  Now  without  information  to  the  contrary 
it  seems  safe  to  assume  that  the  energy  content  of  all  water  is 
the  same  if  we  take  equal  quantities  and  have  them  under  sim¬ 
ilar  conditions  of  temperature.  In  the  same  way  we  hope  that 
the  energy  content  of  all  like  samples  of  hydrogen  are  the 
same,  and  of  all  like  samples  of  oxygen  are  the  same.  If  these 
things  are  true,  then  in  some  way  the  heat  given  off  when  ox¬ 
ygen  and  hydrogen  combine  should  be  equivalent  to  the  elec¬ 
trical  energy  required  to  decompose  a  like  amount  of  water. 
This  supposition  is  in  reality  a  statement  of  a  fundamental  law 
of  nature.  This  is  the  law  of  the  Conservation  of  Energy  which 
states  that  energy  can  neither  be  created  nor  destroyed.  We 
know  that  heat  may  be  converted  to  work,  work  may  be  con¬ 
verted  to  electrical  energy,  and  electrical  energy  may  be  con¬ 
verted  back  to  heat  again  but  we  also  know  that  there  are  cer¬ 
tain  losses  at  each  step.  We  do  not  suppose  that  we  can  retain 
every  bit  of  energy  as  it  goes  from  one  form  to  another  but 
we  are  sure  that  the  losses  are  due  to  the  inefficiencies  of  the 
processes  used.  The  energy  losses  are  usually  dissipated  to  the 
atmosphere  in  the  form  of  heat. 

THE  CONCEPT  OF  ATOMS 

During  the  last  third  of  the  eighteenth  century  the  exact 
methods  of  science  as  applied  to  chemistry  began  to  take  form. 
When  it  was  found  that  two  substances  would  enter  into 
chemical  combination  the  question  was  at  once  presented  as 
to  the  relative  amounts  of  each  involved.  In  the  preceeding 
section  we  have  mentioned  some  of  the  work  which  was  begun 
by  Cavendish  but  was  not  completed  until  near  the  end  of  the 
nineteenth  century  when  Morley  published  the  results  of  his 
experiments.  Cavendish  also  caused  nitrogen  and  oxygen  to 
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unite  by  means  of  energy  supplied  by  the  spark  from  a  static 
machine.  Always  he  found  that  the  amounts  of  nitrogen  and 
oxygen  which  combined  had  a  definite  relation  to  each  other. 

Data  dealing  with  the  quantitative  relationships  between  re¬ 
acting  substances  began  to  pile  up  in  the  laboratories  of  several 
investigators.  It  must  be  remembered  that  this  collection  of 
abundant  data  constitutes  the  first  step  in  what  we  call  the 
scientific  method.  From  the  great  number  of  known  facts  one 
would  expect  certain  capable  workers  to  point  out  similarities 
and  to  state  natural  laws.  After  the  statement  and  proof  of  the 
laws  it  then  would  be  possible  to  express  theories  in  an  attempt 
to  explain  the  laws  and  the  observed  facts.  Only  time  can  per¬ 
mit  the  collection  of  enough  data  to  bring  about  the  accept¬ 
ance  or  rejection  of  the  theories. 

Without  going  into  detail  as  to  how  all  of  the  facts  were 
obtained  we  can  observe  clearly  some  of  the  thinking,  plan¬ 
ning,  and  experimentation  that  have  moved  us  forward  to  our 
present  explanations. 

Definite  Composition  of  Compounds.  It  has  already  been 
pointed  out  that  pure  water,  from  whatever  source,  always  has 
the  same  composition.  This  has  been  extended  and  found  to 
be  true  for  all  other  pure  substances  which  are  considered  as 
compounds  (things  that  contain  two  or  more  elements  chem¬ 
ically  united) .  This  has  become  known  as  the  Law  of  Definite 
Composition  which  states  that  the  composition  of  a  pure  com¬ 
pound  is  always  the  same  regardless  of  where  it  may  be  ob¬ 
tained. 

Multiple  Proportions.  In  1803,  John  Dalton,  an  English 
school  teacher,  pointed  out  the  fact  that  sometimes  two  ele¬ 
ments  could  combine  in  more  than  one  way  to  form  more  than 
one  compound  if  the  conditions  were  changed  properly.  For 
instance,  there  are  three  separate  and  distinct  oxides  of  nitrogen 
which  are  gases.  These  are  known  as  nitrous  oxide,  nitric  oxide, 
and  nitrogen  dioxide  and  the  one  which  is  formed  depends 
entirely  upon  the  method  employed  for  its  preparation.  This 
sort  of  thing  is  not  confined  to  oxygen  and  nitrogen  but  is 
found  to  be  true  for  many  other  pairs  of  elements.  Upon  care- 
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ful  examination  it  is  found  that  an  unusual  relationship  exists 
between  the  amounts  of  the  two  elements  present  in  the  various 
compounds  of  such  a  series.  Thus,  in  nitrous  oxide  the  weight 
of  nitrogen  is  to  the  weight  of  the  oxygen  as  14  is  to  8,  while  in 
nitric  oxide  the  ratio  is  14  parts  by  weight  of  nitrogen  to  16 
parts  by  weight  of  oxygen,  and  in  nitrogen  dioxide  14  parts 
by  weight  of  nitrogen  is  combined  with  3  2  parts  by  weight  of 
oxygen.  In  this  example  the  amount  of  nitrogen  used  for  com¬ 
parison  was  taken  as  the  same  in  each  case  and  the  quantity  of 
oxygen  combined  with  it  was  determined.  It  will  be  noticed 
that  the  amounts  of  oxygen  in  the  three  cases  are  multiples  of 
8.  Such  facts  led  to  a  statement  of  the  Law  of  Multiple  Pro¬ 
portions  as  follows:  If  two  elements  form  more  than  one  coin¬ 
pound ,  the  weights  of  the  one  which  combine  with  a  fixed 
weight  of  the  other  can  be  represented  by  a  ratio  of  small 
whole  numbers.  In  the  example  which  has  just  been  given  we 
may  see  that  this  ratio  is  expressed  as  1:2:4, 

The  Conservation  of  Matter.  Certain  of  the  Greek  phi¬ 
losophers  believed  that  no  part  of  matter  is  destroyed  during 
the  process  of  being  converted  into  other  forms.  It  seems 
strange  to  the  reader  of  today  that  this  idea  was  not  generally 
accepted  until  after  1785  and  that  most  of  the  time  it  was  not 
accepted  by  anyone.  It  has  been  mentioned  that  Lavoisier 
experimented  with  combustion  and  other  chemical  changes 
and  it  was  during  these  experiments  that  he  demonstrated  the 
truth  of  the  above  statement.  He  proved  that  the  sum  of  the 
weights  of  all  the  substances  which  react  together  in  a  chem¬ 
ical  change  is  numerically  equal  to  the  sum  of  the  weights  of 
all  the  substances  produced  during  the  change.  This  fact  as 
stated  constitutes  the  Law  of  the  Conservation  of  Matter.  The 
results  of  thousands  of  experiments  which  have  been  performed 
by  many  workers  through  the  years  bear  out  the  truth  of  this 
law.  If  there  is  any  change  in  the  total  amount  of  matter  dur¬ 
ing  a  chemical  change  it  is  too  small  to  be  detected  by  the 
most  sensitive  methods  of  weighing. 

Atomic  Theory.  As  additional  experimental  facts  accumu¬ 
lated  it  was  possible  for  scientists  to  formulate  more  definite 
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ideas  concerning  the  nature  of  matter.  Dalton  had  conducted 
a  number  of  experimental  studies  and  in  the  light  of  the  evi¬ 
dence  he  obtained  he  announced  the  atomic  theory.  For  one 
to  say  that  only  Dalton  thought  of  this  conception  of  matter 
would  be  entirely  incorrect,  since  a  Greek  philosopher  pre¬ 
sented  such  an  idea  nearly  3000  years  ago.  The  early  theories, 
however,  were  entirely  lacking  in  definiteness  and  were  prod¬ 
ucts  of  pure  thought  alone  with  no  quantitative  data  to  sup¬ 
port  them.  Later  Robert  Boyle  and  Isaac  Newton  revived  this 
atomic  concept  of  matter  but  they,  too,  could  deal  only  in 
generalities,  since  at  that  time  the  Law  of  Definite  Composi¬ 
tion  was  not  considered  as  valid.  To  Dalton,  the  greatest  evi¬ 
dence  lay  in  the  Law  of  Multiple  Proportions  which  he  had 
outlined  a  year  earlier. 

The  more  important  points  of  Dalton’s  atomic  theory  may 
be  summarized  as  follows: 

1.  All  substances  consist  of  small  particles  called  atoms 
which  are  indivisible. 

2.  All  the  atoms  of  any  one  substance  are  alike  in  size  and 
weight. 

3.  Combinations  of  elements  take  place  between  atoms. 

4.  The  “  compound  atom  ”  (the  unit  of  a  compound)  is  al¬ 
ways  made  up  of  a  definite  number  of  each  kind  of  atom  of 
which  it  is  composed.  This  compound  atom  is  now  called  the 
molecule. 

5.  The  atoms  of  two  elements  may  combine  in  different" 
ratios  to  form  more  than  one  compound. 

The  laws  of  definite  composition  and  of  multiple  propor¬ 
tions  are  easily  explained  on  the  basis  of  this  theory.  If  the 
molecules  of  a  compound  are  always  made  up  of  a  definite 
number  of  each  kind  of  atom  of  which  the  substance  is  com¬ 
posed,  and  if  all  the  atoms  of  a  given  element  are  alike  in  weight, 
then  it  must  follow  that  the  proportion  by  weight  of  each 
constituent  element  of  a  compound  is  constant.  This  theory, 
therefore,  satisfactorily  explains  the  law  of  definite  compo¬ 
sition. 

If  we  assume  that  two  elements  may  react  together  in  more 
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than  one  proportion,  without  our  trying  to  explain  why,  this 
theory  will  be  of  great  use.  Suppose  that  one  atom  of  the  first 
element  may  react  with  one  atom  of  the  second  element  to 
form  one  compound  and  then  suppose  that  under  some  other 
conditions  one  atom  of  the  first  will  combine  with  two  atoms 
of  the  second  to  form  another  compound.  Let  us  write  this  as 
we  did  the  formation  of  water  but  let  us  call  the  two  elements 
A  and  B.  We  have  the  two  cases: 

A  +  B  — >  AB 

A  -}-  2B  — >  AB2 

The  subscript  indicates  the  number  of  atoms  of  B  which  are 
contained  in  a  molecule  of  the  second  compound.  In  each  case 
the  amount  of  the  element  A  is  the  same  but  the  amount  of 
B  in  AB2  is  twice  as  great  as  in  AB.  This  then  is  just  what  the 
law  of  multiple  proportions  expresses.  The  weights  of  the  one 
element  which  combine  with  a  fixed  weight  of  the  other  can 
be  represented  by  a  ratio  of  small  whole  numbers.  The  weights 
of  element  B  which  are  combined  with  a  fixed  weight  of  ele¬ 
ment  A  can  be  expressed  by  the  ratio  of  1: 2.  If  the  compound 
AB3  is  formed  the  same  reasoning  may  be  applied  successfully. 

Errors  in  Dalton’s  Theory.  While  the  theory  of  Dalton  did 
much  to  clarify  scientific  thinking,  and  is  still  of  much  use  to¬ 
day,  yet  errors  and  misfit  facts  were  bound  to  appear.  Progress 
is  attained  only  to  the  extent  that  we  are  able  to  modify  the 
ideas  of  earlier  workers  but  modifying  another  man’s  theory 
does  not  mean  that  you  abolish  it  or  wipe  it  out  as  no  good. 
Dalton’s  approach  was  from  one  viewpoint  only  and  he  made 
his  scientific  picture  accurately  to  fit  what  he  saw.  One  can 
compare  his  approach  to  that  of  a  person  who  sees  a  house 
from  the  front  only  and  then  describes  the  entire  house  from 
the  part  that  he  sees.  Naturally  there  are  many  things  left  to 
be  described  if  other  people  go  all  around  and  inside  the  house. 
So  it  has  been  with  atoms.  Some  of  the  later  knowledge  is 
pointed  out  here  in  order  to  give  an  idea  of  the  modifications 
but  each  of  these  items  must  be  discussed  at  some  length  later. 

1.  All  the  atoms  of  an  element  are  not  identical  but  the 
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mixture  found  in  nature  is  usually  the  same  everywhere.  We 
have  heavy  hydrogen  and  light  hydrogen  but  wherever  hy¬ 
drogen  is  found  the  relative  amounts  of  the  two  are  the  same. 

2.  Atoms  can  be  decomposed.  Dalton  never  heard  nor  did 
he  dream  of  atomic  disintegrations  by  electrical  means  as  may 
be  brought  about  with  our  modern  “  atom-smashers.” 

3 .  Dalton  did  not  distinguish  between  atoms  and  molecules 
because  here,  too,  he  had  no  knowledge. 

UNITS  OF  MEASUREMENT 

In  any  discussion  involving  measurements  it  becomes  neces¬ 
sary  to  adopt  some  standard  so  that  the  things  measured  may 
be  compared.  We  are  accustomed  to  common  units  of  meas¬ 
ure  such  as  the  pound,  ton,  bushel,  gallon,  quart,  foot,  yard, 
horsepower,  and  kilowatt.  These  are  a  part  of  an  unrelated 
hodgepodge  system  which  has  been  in  general  use  in  this 
country.  Regardless  of  the  lack  of  relationship  between  these 
common  units  we  are  aware  of  a  certain  quantity  which  goes 
with  each  of  them.  The  field  of  chemistry  is  not  peculiar  to 
any  one  country  and  this  requires  that  an  international  system 
of  units  be  used.  The  early  scientific  workers  were  aware  of 
the  situation  and  through  the  years  a  system  of  planned  inter¬ 
related  units  grew  into  being.  Because  this  system  was  allowed 
to  grow,  instead  of  being  invented  and  thrust  full  blown  upon 
the  scientific  world,  it  has  lived  and  is  equally  useful  in  all 
nations. 

From  the  viewpoint  of  chemistry  we  are  interested  in  units 
for  the  measurement  of  temperature,  pressure,  time,  length, 
volume,  and  weight.  In  addition  there  are  other  units  which 
from  time  to  time  are  useful  to  the  chemist.  Among  these  are 
the  units  of  heat  and  electricity.  We  have  already  discussed 
the  measurement  of  temperature  and  pressure  and  the  unit  of 
time  is  well  known  to  us  all.  The  units  of  heat  and  electricity 
will  be  introduced  at  a  later  time  when  they  will  have  more 
meaning  for  us. 

The  Decimal  System.  The  logical  and  convenient  decimal 
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system  of  weights  and  measures  was  originated  in  France  and 
was  adopted  by  the  French  in  1799.  After  1820  its  use  in  that 
country  was  made  compulsory.  Since  then  it  has  become  of¬ 
ficial  or  semi-official  all  over  the  world.  It  is  known  as  the 
metric  system. 

The  basic  unit  of  length,  the  meter ,  was  originally  intended 
to  represent  one  ten  millionth  of  the  distance  through  Paris 
from  the  equator  to  the  North  Pole.  This  unit  of  length  was 
marked  off  on  a  certain  bar  of  durable  metal.  It  later  turned 
out  that  the  calculations  were  in  error  —  that  the  distance  from 
the  equator  to  the  pole  is  not  exactly  what  they  thought  —  but 
the  unit  was  not  changed. 

The  unit  of  volume,  the  liter ,  was  originally  taken  as  a  cube 
with  sides  of  one  tenth  meter  (decimeter).  Difficulty  arose  in 
the  measurement  of  this  distance  under  some  conditions  and 
the  definition  of  the  unit  was  changed  so  that  it  would  be  more 
easily  reproduced.  In  1901,  the  liter  became  defined  as  the 
volume  of  one  kilogram  of  water  taken  at  4°  C.  and  at  average 
sea  level  pressure.  A  slight  error  was  made  in  the  determination 
of  the  weight  of  water  and  the  two  definitions  of  the  liter 
give  slightly  different  volumes. 

The  unit  for  the  measurement  of  weight  is  in  reality  a  unit 
of  mass.  Weight  is  a  property  of  things  in  general  which  de¬ 
pends  upon  the  pull  of  gravity.  At  different  distances  from 
the  center  of  the  earth  this  pull  of  gravity  varies  and  thus  could 
not  be  used  as  a  standard.  By  making  a  standard  piece  of  ma¬ 
terial  and  comparing  everything  else  with  it  we  will  not  be 
bothered  with  the  distance  from  the  center  of  the  earth.  If 
we  put  the  standard  object  on  one  arm  of  a  balance  and  the 
object  to  be  compared  on  the  other  arm  then  the  gravity  pull 
will  be  relatively  the  same  on  each.  The  amount  of  material, 
or  matter  as  some  would  say,  in  the  standard  object  is  constant 
regardless  of  where  one  takes  it,  but  the  pull  of  gravity  on 
this  object  will  change.  The  standard  of  mass  is  the  kilogram 
and  represents  the  mass  of  a  piece  of  durable  metal  which  was 
prepared  in  France  in  1799. 

If  you  were  called  upon  to  measure  the  diameter  of  a  ten- 
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cent  piece,  or  of  a  sewing  needle,  you  would  hardly  want  to 
use  a  yardstick  and  state  the  distances  as  fractions  of  this  unit. 
A  similar  situation  would  be  true  if  you  used  a  meter  stick  be¬ 
cause  the  meter  is  a  little  longer  than  the  yard.  To  get  away 
from  this  difficulty  an  agreement  was  reached,  about  1870, 
whereby  the  one  hundreth  part  of  the  meter  (the  centimeter) 
and  the  one  thousandth  part  of  the  kilogram  (the  gram)  to¬ 
gether  with  the  second  of  time  were  made  the  practical  stand¬ 
ards.  These  three  are  usually  referred  to  as  the  C.G.S.  system 
of  measurement. 

The  relationships  between  various  units  are  given  below. 

LINEAR  MEASURE 

1  meter  =100  centimeters  =  39.37  inches 
1  decimeter  =  10  centimeters  =  3.937  inches 
1  centimeter  =  10  millimeters  =  .3937  inch 
1  inch  =  2.54  centimeters  =  25.4  millimeters 
1  mile  =  1609.33  meters  =  1.60933  kilometers 

VOLUME  MEASURE 

1  liter  =  1000  cubic  centimeters  (almost  exactly)  =  1.0567  quarts 
1  cubic  centimeter  =  a  cube  1  centimeter  on  an  edge 
1  quart  =  .9464  liters  =  946.4  cubic  centimeters 
1  gallon  =  3.785  liters 

MASS  (WEIGHT)  MEASURE 

1  kilogram  =  1000  grams  =  2.205  pounds 
1  gram  =10  decigrams  =  100  centigrams  =  1000  milligrams 
1000  kilograms  =  2205  pounds  =  1  long  ton 
1  pound  =  453.6  grams 

TEMPERATURE  MEASURE 

0°  Centigrade  =  32°  Fahrenheit  =  freezing  point  of  water 
100°  Centigrade  =  212°  Fahrenheit  =  boiling  point  of  water 
1  Centigrade  degree  =  9/5  of  a  Fahrenheit  degree 
Temperature  in  C.°  =  (Temperature  in  F.°  —  32)  X  5/9 
Temperature  in  F.°  =  (Temperature  in  C.°  X  9/5)  +  32 
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TIME  MEASURE 

1  second  =  1/86400  of  the  mean  solar  day 

The  mean  solar  day  is  the  average  time  between  two  successive 
crossings  of  a  given  meridian  by  the  center  of  the  sun’s  disk. 

PRESSURE  MEASURE 

1  atmosphere  =  average  pressure  of  atmosphere  at  average  sea  level 
=  pressure  of  column  of  mercury  760  millimeters 
high 

=  14.696  pounds  per  square  inch  =  2116.32  pounds 
per  square  foot. 

SUMMARY 

The  synthesis  of  water  by  the  union  of  hydrogen  and  ox¬ 
ygen  was  accomplished  by  Cavendish  who  called  hydrogen 
“  inflammable  air.” 

Lavoisier  explained  the  combustion  of  hydrogen  with  oxy¬ 
gen  and  gave  the  present  name  to  hydrogen. 

Water  was  decomposed  by  current  electricity,  in  1800,  and 
the  two  gases,  hydrogen  and  oxygen,  were  obtained  from  it. 

The  quantitative  composition  of  water  has  been  studied  by 
methods  of  synthesis  and  decomposition.  The  relative  amounts 
of  hydrogen  and  oxygen  combined  in  water  are  constant. 

The  heat  given  off  by  the  formation  of  water  is  equivalent 
to  the  electrical  energy  required  to  decompose  a  like  amount 
of  water.  Energy  can  neither  be  created  nor  destroyed. 

The  composition  of  a  pure  compound  is  always  exactly 
the  same. 

When  two  elements  combine  to  form  more  than  one  com¬ 
pound,  the  weights  of  one  element  which  combine  with  a 
fixed  weight  of  the  other  element  are  related  to  each  other  as 
are  small  whole  numbers. 

The  sum  of  the  weights  of  all  substances  which  react  to¬ 
gether  is  equal  to  the  sum  of  the  weights  of  all  of  the  products 
formed  during  the  reaction. 

John  Dalton  proposed  the  theory  that  all  substances  are 
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made  up  of  atoms  which  are  indivisible  and  that  chemical 
changes  take  place  between  atoms.  He  explained  the  three 
statements  given  above  on  this  basis.  In  the  light  of  present  day 
knowledge  there  are  some  errors  in  Dalton’s  ideas  but  his  fun¬ 
damental  statements  still  are  considered  as  probable. 

REVIEW  QUESTIONS 

1 .  Who  discovered  hydrogen?  Who  named  it?  Give  the  mean¬ 
ing  of  the  name. 

2.  What  happens  when  a  mixture  of  hydrogen  and  oxygen  is 
exposed  to  a  spark  or  flame? 

3.  Give  a  method  for  the  decomposition  of  water. 

4.  By  what  two  methods  has  the  composition  of  water  been 
studied? 

5.  State  the  law  of  conservation  of  energy.  Explain  what  it 
means. 

6.  Substantiate  the  statement  that  matter  is  discontinuous  rather 
than  continuous. 

7.  State  the  laws  of:  definite  composition,  conservation  of 
matter,  multiple  proportions. 

8.  Summarize  Dalton’s  atomic  theory. 

9.  With  the  aid  of  the  atomic  theory  explain  the  laws  listed 
under  question  7. 

10.  Cite  some  errors  in  Dalton’s  theory. 

11.  Express  your  height  in  centimeters;  your  weight  in  kilo¬ 
grams. 

12.  How  many  liters  of  gasoline  would  be  required  to  fill  an 
18  gallon  tank? 
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THE  RELATION  OF  ATOMS  TO  MOLECULES 

Combining  Volumes  of  Gases.  At  the  time  Dalton’s  atomic 
theory  was  suggested  no  one  seemed  to  have  any  conception 
of  the  relation  between  atoms  and  molecules  but  the  experi¬ 
mental  work  of  the  next  few  years  supplied  information  which 
helped  to  bring  order  out  of  confusion.  It  has  been  pointed 
out  that  water  was  found  to  give  two  volumes  of  hydrogen  to 
one  volume  of  oxygen  when  decomposed  by  the  electric  cur¬ 
rent  and  that  these  two  gases  will  combine  in  this  same  ratio 
again  to  form  water  if  their  mixture  is  ignited  by  a  spark  or 
flame.  Gay-Lussac  became  interested  in  this  bit  of  experimental 
evidence,  and  he  carried  it  much  further.  The  reacting  gases 
were  heated  above  100°  C.  before  they  were  made  to  combine 
and  then  the  resulting  water  was  kept  at  the  same  temperature 
in  order  that  it  would  remain  as  the  gas  (steam).  It  was  found 
that  the  volume  of  the  steam  was-  the  same  as  the  volume  of 
the  hydrogen  which  was  used  and  the  volume  of  the  oxygen 
seemed  to  have  disappeared  entirely. 

This  peculiar  behavior  could  not  be  disputed,  but  neither 
could  it  be  explained.  Gay-Lussac  made  many  other  combina¬ 
tions  of  gases  to  see  if  they,  too,  behaved  like  hydrogen  and 
oxygen  and  he  found  that  they  did.  Other  examples  studied 
included  the  union  of  nitrogen  and  oxygen  to  form  nitrous 
oxide,  of  hydrogen  and  chlorine  to  form  hydrochloric  acid, 
and  of  nitrogen  and  hydrogen  to  form  ammonia.  The  informa¬ 
tion  which  was  obtained  may  be  represented  as  follows: 

1  vol.  oxygen -h  2  vols.  hydrogen— >2  vols.  water  vapor  (steam) 

1  vol.  oxygen  +  2  vols.  nitrogen  — >2  vols.  nitrous  oxide 
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1  vol.  hydrogen  + 1  vol.  chlorine  — >2  vols.  hydrogen  chloride 
1  vol.  nitrogen  +  3  vols.  hydrogen— >2  vols.  ammonia. 

In  place  of  the  term  volume  one  may  substitute  any  known 
measure  of  volume  such  as  the  cubic  foot,  cubic  inch,  or  liter. 

The  above  information,  together  with  other  facts  of  a  sim¬ 
ilar  nature,  led  to  the  Law  of  Combining  Gas  Volumes  which 
states  that  chemical  reactions  between  gases  take  place  in  such 
a  manner  that  the  ratio  of  the  volumes  involved  is  expressed  by 
small  whole  numbers. 

Avogadro’s  Law.  The  Law  of  Combining  Gas  Volumes 
which  Gay-Lussac  formulated  was  known  to  supply  valuable 
information  concerning  the  nature  of  matter  but  no  one  seemed 
to  know  what  to  do  with  it.  In  1811,  Avogadro,  an  Italian 
physicist,  suggested  the  theory  that  equal  volumes  of  all  gases , 
at  the  same  temperature  and  pressure ,  contain  equal  numbers 
of  molecules.  This  was  called  Avogadro' s  Hypothesis  but  later 
evidence  has  so  firmly  fixed  the  truth  of  the  statement  that 
it  is  now  known  as  a  law. 

Avogadro  did  not  succeed  in  convincing  most  scientists  of 
his  day  that  his  ideas  were  correct  since  his  method  of  reason¬ 
ing  out  his  hypothesis  is  not  at  all  obvious.  Many  workers  still 
maintain  that  he  merely  made  a  lucky  guess  and  this  may  be 
entirely  true.  Until  1858  there  were  no  recognized  differences 
between  atoms  and  molecules,  and  the  two  terms  were  used 
interchangeably.  It  is  not  at  all  surprising,  therefore,  to  find  the 
interpretations  of  experimental  results  during  that  time  to  be 
somewhat  confused.  It  was  at  this  time,  almost  a  half  century 
after  Avogadro  proposed  his  theory,  that  an  Italian  chemist, 
named  Cannizzaro,  re-examined  the  evidence  for  atoms  and 
molecules,  and,  by  the  help  of  Avogadro’s  hypothesis,  ex¬ 
plained  many  of  the  observed  but  confusing  facts. 

The  main  point  of  Cannizzaro’s  contribution  centered 
around  the  difference  between  atoms  and  molecules.  Thus, 
he  said  that  molecules  may  contain  several  atoms  and  this  fact 
may  be  used  to  account  for  the  law  of  combining  volumes.  As 
an  example  of  his  reasoning  let  us  consider  the  union  of  hy¬ 
drogen  with  chlorine  which  was  mentioned  earlier.  One  vol- 
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ume  of  hydrogen  combines  with  one  volume  of  chlorine  to 
form  two  volumes  of  hydrogen  chloride.  According  to  the 
ideas  of  Cannizzaro  this  may  be  explained  as  follows: 

1.  Equal  volumes  of  all  gases  at  the  same  temperature  and 
pressure  contain  equal  numbers  of  molecules,  therefore,  the 
number  of  molecules  of  hydrogen  chloride  formed  must  be 
twice  the  number  of  molecules  of  hydrogen  and  also  twice 
the  number  of  molecules  of  chlorine  which  united. 

2.  Each  molecule  of  hydrogen  chloride  must  contain  at  least 
one  atom  of  chlorine  and  one  atom  of  hydrogen.  Then  it  must 
be  that  the  number  of  atoms  of  hydrogen  which  united  with 
chlorine  is  twice  the  number  of  molecules  of  hydrogen.  In  a 
like  manner  the  number  of  atoms  of  chlorine,  which  united 
with  hydrogen,  is  twice  the  number  of  molecules  of  chlorine. 

3.  Each  molecule  of  hydrogen  and  each  molecule  of  chlo¬ 
rine  must  be  made  up  of  at  least  two  atoms  of  the  element.  For 
the  sake  of  simplicity  and  in  keeping  with  other  evidence,  we 
shall  accept  the  value  as  two  rather  than  four  or  some  other 
multiple  of  two. 

The  reasonable  character  of  the  argument  which  is  pre¬ 
sented  above  may  be  realized  better  by  means  of  diagrams.  Of 
course,  it  is  impossible  to  see  the  molecules  because  of  their 
extremely  small  size  and  it  is  impossible  to  represent  the  actual 
number  present  in  any  volume  of  gas  because  this  number  is  so 
large,  but  it  is  possible  to  imagine  a  very  small  volume  of  a  gas 
enlarged  to  usable  dimensions.  Suppose  that  we  assume  the 
truth  of  Avogadro’s  Law  and  represent  equal  volumes  of 
hydrogen  and  of  chlorine  containing  a  convenient  number  of 
molecules.  The  reaction  may  then  be  pictured  according  to 
the  following  scheme: 


1  vol.  hydrogen  +  1  vol.  chlorine  — >  2  vols.  hydrogen  chloride 


Fig.  20.  One  Volume  of  Hydrogen  Reacts  with  One  Volume  of 

Chlorine 
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It  does  not  matter  whether  the  chosen  volume  contains  three 
molecules  or  three  million  molecules  since  the  same  relative 
numbers  would  be  involved  in  either  case.  We  may  conclude 
that  if  the  hydrogen  molecule  and  the  chlorine  molecule  each 
actually  do  contain  two  atoms  then  the  volumes  of  the  gases 
involved  in  their  union  would  be  expected  to  be  as  found  by 
experiment.  Thus,  we  say  that  these  two  elements  have  dia¬ 
tomic  molecules. 

We  may  now  return  to  the  original  question  concerning  the 
union  of  oxygen  with  hydrogen  to  form  water.  It  will  be  re¬ 
called  that  experimentally  one  volume  of  oxygen  unites  with 
two  volumes  of  hydrogen  to  form  two  volumes  of  water  vapor. 
Again,  since  equal  volumes  of  gases  at  the  same  temperature 
and  pressure  contain  equal  numbers  of  molecules,  we  are  led 
to  the  following  conclusions: 

1 .  The  number  of  molecules  of  hydrogen  used  is  the  same 
as  the  number  of  molecules  of  water  which  are  formed.  By  the 
same  reasoning  it  is  twice  the  number  of  molecules  of  oxy¬ 
gen  used. 

2.  Each  molecule  of  water  must  contain  at  least  one  atom 
of  oxygen  and  therefore  the  number  of  atoms  of  oxygen  must 
be  twice  the  number  of  molecules  of  oxygen. 

3.  Each  molecule  of  oxygen  must  contain  at  least  two  atoms 
of  the  element.  Again  it  appears  best  to  let  this  stand  as  two 
rather  than  a  multiple  of  two. 

Again  we  may  draw  pictures  to  represent  such  a  change. 

2  vols.  hydrogen  +  1  vol.  oxygen  — »  2  vols.  water  vapor 


Fig.  21.  Two  Volumes  of  Hydrogen  React  with  One  Volume  of 

Oxygen 


It  appears  that  in  this  case,  too,  the  volumes  of  gas  are  found 
experimentally  to  be  the  same  as  would  be  predicted  if  the 
molecules  were  exactly  as  shown.  This  seems  sufficient  argu- 
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ment  to  justify  the  statement  that  oxygen  molecules  are  also 
diatomic. 

One  more  example  will  be  given.  It  has  been  stated  that  three 
volumes  of  hydrogen  will  combine  with  one  volume  of  ni¬ 
trogen  to  form  two  volumes  of  ammonia.  This  may  be  repre¬ 
sented  by  the  same  scheme.  From  this  it  is  evident  that  the 
nitrogen  molecule  must  also  be  diatomic. 

3  vols.  hydrogen  +  1  vol.  nitrogen  — »  2  vols.  ammonia 


Fig.  22.  Three  Volumes  of  Hydrogen  React  with  One  Volume  of 

Nitrogen 


Here,  also,  the  explanation  and  the  facts  seem  to  fit. 

There  is  one  point  concerning  the  above  discussion  which 
frequently  causes  confusion  but  which  a  slight  consideration 
will  entirely  clear  up.  So  often  a  person  will  ask  how  it  is  pos¬ 
sible  for  a  molecule  which  contains  four  atoms  to  occupy  the 
same  space  as  a  molecule  which  contains  only  two  atoms.  The 
actual  size  of  the  molecule  does  not  govern  the  volume  of  the 
gas  since  the  space  between  the  molecules  is  many  hundred 
times  greater  than  the  real  volume  of  the  molecules.  A  small 
increase  in  the  size  of  the  molecules  will  have  almost  no  effect 
upon  the  volume  of  the  gas  as  a  whole.  With  this  in  mind  one 
may  see  why  it  is  possible  for  the  original  four  volumes  of  hy¬ 
drogen  plus  nitrogen  to  shrink  to  two  volumes  of  ammonia. 

The  reasoning  as  outlined  appears  to  explain  the  law  of  com¬ 
bining  volumes  and  at  the  same  time  it  accounts  for  the  law  of 
definite  composition.  If  the  average  weight  of  all  hydrogen 
atoms  is  the  same  wherever  they  may  be  found  and  if  the  same 
is  true  for  all  oxygen  atoms  then  it  becomes  obvious  that  mol¬ 
ecules  of  water  will  have  the  same  average  composition  wher¬ 
ever  they  are  found. 

Symbols  and  Formulas.  It  is  rather  inconvenient  always  to 
write  out  the  names  of  the  elements  and  the  composition  of 
compounds  in  words.  Abbreviations  for  the  elements  have 
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therefore  been  agreed  upon  and  these  are  called  chemical  sym¬ 
bols.  Thus  the  symbol  for  oxygen  is  O,  for  hydrogen  is  H, 
for  nitrogen  is  N,  and  for  chlorine  is  Cl.  The  symbols  for  the 
other  elements  may  be  obtained  from  the  table  on  page  86. 
Since  it  has  been  shown  that  the  above  elements  contain  two 
atoms  to  the  molecule  we  must  write  the  abbreviations  for 
them  as  02,  H2,  Cl2,  and  N2  if  we  wish  to  represent  the  actual 
molecules  of  the  free  gas. 

In  a  similar  manner  we  may  express  the  composition  of  a 
compound  which  contains  more  than  one  element.  We  have 
seen  that  a  molecule  of  hydrogen  chloride  contains  one  atom 
each  of  hydrogen  and  chlorine  so  this  may  be  written  as  HC1. 
In  a  like  manner  we  may  designate  water  as  H20  and  ammonia 
as  NHS.  This  grouping  of  the  symbols  so  as  to  show  the  num¬ 
ber  of  each  kind  of  atom  contained  in  the  molecule  is  called 
a  chemical  formula. 

Atomic  Weights.  We  have  accounted  for  the  volume  re¬ 
lations  encountered  when  hydrogen  and  oxygen  unite  to  form 
water.  It  now  remains  to  make  use  of  the  weight  relationships 
in  the  same  change.  It  has  been  noted  that  by  weight  2.016 
parts  of  hydrogen  unite  with  16  parts  of  oxygen.  In  the  light 
of  what  has  gone  before  we  are  able  to  arrive  at  a  comparison 
between  the  weights  of  the  atoms  of  these  two  elements.  Since 
two  volumes  of  hydrogen  unite  with  one  volume  of  oxygen 
we  have  shown  that  this  corresponds  to  the  union  of  two  mol¬ 
ecules  of  hydrogen  and  one  molecule  of  oxygen.  We  see  at 
once  that  two  molecules  of  hydrogen  must  have  a  relative 
weight  of  2.016  compared  with  one  molecule  of  oxygen  with 
a  weight  of  16.  From  the  viewpoint  of  atoms  we  may  use  the 
same  relative  figures.  The  molecule  of  water  is  H20  and  thus 
two  atoms  of  hydrogen  must  weigh  2.016  weight  units  if  the 
atom  of  oxygen  is  considered  as  weighing  16  units.  One  atom 
of  hydrogen  may  then  be  considered  as  weighing  1 .008  units. 
Of  course,  it  is  impossible  to  weigh  an  individual  atom  and  if 
we  could  do  so  there  is  no  suitable  unit  for  expressing  such 
a  small  value,  but  we  can  express  the  weights  of  the  atoms  with 
relation  to  each  other.  Very  careful  experimental  work  and 
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Aluminum 

Sym¬ 

bol 

A1 

Atomic  Atomic 
Number  Weight 

13  26.97 

Molybdenum 

Sym-  Atomic  Atomic 
bol  Number  Weight 

Mo  42  95.95 

Antimony 

Sb 

51 

121.76 

Neodymium 

Nd 

60 

144.27 

Argon 

A 

18 

39.944 

Neon 

Ne 

10 

20.183 

Arsenic 

As 

33 

74.91 

Nickel 

Ni 

28 

58.69 

Barium 

Ba 

56 

137.36 

Nitrogen 

N 

7 

14.008 

Beryllium 

Be 

4 

9.02 

Osmium 

Os 

76 

190.2 

Bismuth 

Bi 

83 

209.00 

Oxygen 

O 

8 

16.0000 

Boron 

B 

5 

10.82 

Palladium 

Pd 

46 

106.7 

Bromine 

Br 

35 

79.916 

Phosphorus 

P 

15 

30.98 

Cadmium 

Cd 

48 

112.41 

Platinum 

Pt 

78 

195.23 

Calcium 

Ca 

20 

40.08 

Potassium 

K 

19 

39.096 

Carbon 

C 

6 

12.010 

Praseodymium 

Pr 

59 

140.92 

Cerium 

Ce 

58 

140.13 

Protactinium 

Pa 

91 

231 

Cesium 

Cs 

55 

132.91 

Radium 

Ra 

88 

226.05 

Chlorine 

Cl 

17 

35.457 

Radon 

Rn 

86 

222 

Chromium 

Cr 

24 

52.01 

Rhenium 

Re 

75* 

186.31 

Cobalt 

Co 

27 

58.94 

Rhodium 

Rh 

45 

102.91 

Columbium 

Cb 

41 

92.91 

Rubidium 

Rb 

37 

85.48 

Copper 

Cu 

29 

63.57 

Ruthenium 

Ru 

44 

101.7 

Dysprosium 

Dy 

66 

162.46 

Samarium 

Sm 

62 

150.43 

Erbium 

Er 

68 

167.2 

Scandium 

Sc 

21 

45.10 

Europium 

Eu 

63 

152.0 

Selenium 

Se 

34 

78.96 

Fluorine 

F 

9 

19.00 

Silicon 

Si 

14 

28.06 

Gadolinium 

Gd 

64 

156.9 

Silver 

Ag 

47 

107.880 

Gallium 

Ga 

31 

69.72 

Sodium 

Na 

11 

22.997 

Germanium 

Ge 

32 

72.60 

Strontium 

Sr 

38 

87.63 

Gold 

Au 

79 

197.2 

Sulfur 

S 

16 

32.06 

Hafnium 

Hf 

72 

178.6 

Tantalum 

Ta 

73 

180.88 

Helium 

He 

2 

4.003 

Tellurium 

Te 

52 

127.61 

Holmium 

Ho 

67 

163.5 

Terbium 

Tb 

65 

159.2 

Hydrogen 

H 

1 

1.0081 

Thallium 

T1 

81 

204.39 

Indium 

In 

49 

114.76 

Thorium 

Th 

90 

232.12 

Iodine 

I 

53 

126.92 

Thulium 

Tm 

69 

169.4 

Iridium 

Ir 

77 

193.1 

Tin 

Sn 

50 

118.70 

Iron 

Fe 

26 

55.84 

Titanium 

Ti 

22 

47.90 

Krypton 

Kr 

36 

83.7 

Tungsten 

W 

74 

183.92 

Lanthanum 

La 

57 

138.92 

Uranium 

U 

92 

238.07 

Lead 

Pb 

82 

207.21 

Vanadium 

V 

23 

50.95 

Lithium 

Li 

3 

6.940 

Xenon 

Xe 

54 

131.3 

Lutecium 

Lu 

71 

175.0 

Ytterbium 

Yb 

70 

173.04 

Magnesium 

Mg 

12 

24.32 

Yttrium 

Y 

39 

88.92 

Manganese 

Mn 

25 

54.93 

Zinc 

Zn 

30 

65.38 

Mercury 

Hg 

80 

200.61 

Zirconium 

Zr 

40 

91.22 
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thousands  of  hours  of  study  and  research  have  carried  this 
comparison  to  all  the  elements  for  our  use.  In  order  that  these 
relative  weights  may  be  given  in  usable  form  it  has  been 
necessary  to  decide  upon  one  element  as  a  standard.  Since 
oxygen  is  so  abundant  and  combines  easily  with  so  many  other 
elements  it  is  a  convenient  one  to  use,  and  a  value  of  16  for 
the  weight  of  the  oxygen  atom  permits  a  value  greater  than  1 
for  the  lightest  atom  which  is  hydrogen.  By  international 
agreement  the  relative  weights  of  the  atoms  of  all  the  elements 
are  listed  with  reference  to  the  oxygen  atom  as  exactly  16.  This 
international  table  of  atomic  weights  is  given  on  page  86. 

Molecular  Weights.  After  having  determined  the  relative 
atomic  weights  by  suitable  experimental  methods,  it  would 
appear  possible  to  find  the  relative  weights  of  molecules  by 
simply  adding  up  the  total  weight  of  all  the  atoms  in  the  mol¬ 
ecule.  This  method  is  entirely  satisfactory  if  we  first  know 
how  big  the  molecule  is,  that  is,  what  its  weight  is  in  compar¬ 
ison  with  the  oxygen  atom.  There  are  independent  methods 
of  finding  the  molecular  weights  of  compounds,  and  one  of 
these  will  be  discussed  at  this  time.  If  the  oxygen  atom  as  16 
is  taken  as  the  standard  for  comparison,  then  the  oxygen  mol¬ 
ecule  which  contains  two  atoms  must  be  twice  as  heavy  and 
weigh  32  units.  Now  any  unit  may  be  used  for  weighing  quan¬ 
tities  of  substances  but  in  all  scientific  work  the  unit  is  the  gram. 
It  does  not  mean  that  the  oxygen  molecule  weighs  32  grams  but 
we  may  easily  obtain  enough  oxygen  to  weigh  32  grams.  This 
then  will  be  as  many  grams  of  oxygen  as  there  are  units  in  its 
molecular  weight  but  the  actual  number  of  molecules  will  be 
beyond  counting.  Such  an  amount  of  oxygen  is  termed  the 
gram-molecular  weight.  If  we  measure  the  volume  of  oxygen 
so  weighed  it  is  found  to  be  22.4  liters  when  the  tempera¬ 
ture  is  0°  C.  and  the  pressure  is  760  mm.  ( Standard  Condi¬ 
tions)  .  Since  3  2  grams  of  oxygen  is  termed  the  gram-molecular 
weight  it  naturally  follows  that  we  should  term  22.4  liters  as 
the  gram-molecular  volume. 

Suppose  now  that  for  comparison  we  measure  out  a  like 
volume  of  any  other  gas  at  standard  conditions.  Since  equal 
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volumes  will  contain  equal  numbers  of  molecules  it  follows 
that  22.4  liters  of  any  gas  should  contain  the  same  number  of 
molecules  as  this  voume  of  oxygen.  Whatever  this  volume  of 
any  other  gas  weighs  will  then  be  its  gram-molecular  weight. 
Because  of  this  it  is  possible  to  obtain  the  molecular  weight  of 
any  substance  which  may  be  converted  to  a  gas.  There  are 
other  methods  for  getting  this  value  but  this  gives  us  enough 
of  a  picture  of  the  chemist’s  method  for  the  time  being. 

Avogadro’s  Number.  One  may  wonder  how  many  mole¬ 
cules  there  are  in  a  gram-molecular  weight  of  a  gas,  but  the 
task  of  counting  all  of  them  would  be  impossible  even  if  they 
could  be  seen.  A  number  of  investigators  have  devised  methods 
which  enable  one  to  get  some  idea  of  this  number  by  physical 
measurements,  and  it  is  interesting  that  all  these  methods  give 
values  which  so  much  agree  among  themselves  that  if  we 
could  count  molecules  we  would  probably  find  them  near 
these  estimates.  This  number,  called  Avogadro's  Number ,  is 
6.062  X  1023  and  is  accurate  to  ±  .001.  That  is  to  say,  the  fig¬ 
ure  may  be  6.061  or  6.063  but  the  methods  used  for  getting 
the  value  do  not  permit  of  a  decision.  Just  how  big  this  num¬ 
ber  is  no  one  knows  since  it  is  beyond  the  power  of  human 
comprehension.  If  it  were  possible  to  count  the  molecules  and 
one  could  put  100,000,000  people  (approximately  the  number 
in  the  U.  S.  who  can  count)  to  work  at  the  job,  each  counting 
one  molecule  per  second  for  twenty-four  hours  each  day,  it 
would  require  almost  200,000,000  years  for  them  to  count  this 
number.  Since  the  gram-molecular  volume  of  any  gas  at  stand¬ 
ard  conditions  is  22.4  liters  (slightly  less  than  six  gallons)  it 
is  obvious  that  even  very  small  volumes  of  a  gas  contain  enor¬ 
mously  large  numbers  of  molecules. 

Another  illustration  has  been  given  by  someone.  If  an  Ordi¬ 
nary  drinking  glass  of  liquid  water  is  poured  into  the  sea,  and 
in  the  course  of  time  this  becomes  uniformly  distributed 
through  the  sea,  the  rivers,  and  all  the  water  in  and  around 
the  earth;  and  then  if  a  similar  glass  of  water  is  taken  from  any 
river  or  sea,  this  will  contain  about  1000  molecules  that  were 
in  the  original  glass  of  water. 
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Formulas  from  Percentage  Composition.  By  the  use  of 
methods  which  have  been  developed  by  hundreds  of  scientists 
through  the  years,  it  is  usually  possible  to  determine  the  pres¬ 
ence  of  the  various  constituent  elements  in  a  compound  ( quali¬ 
tative  analysis)  and  to  determine  their  actual  amounts  ( quan¬ 
titative  analysis).  From  these  results  it  is  possible  to  express 
the  percentage  composition  of  the  substance.  From  such  an¬ 
alytical  methods  it  has  been  observed  that  water  contains  11.19 
percent  of  hydrogen  and  88.81  percent  of  oxygen.  This  means 
that  100  parts  by  weight  of  water  are  made  up  of  11.19  parts 
by  weight  of  hydrogen  and  88.81  parts  by  weight  of  oxygen. 
The  question  then  arises  as  to  how  many  atoms  of  each  ele¬ 
ment  are  present.  Since  we  know  the  relative  weights  of  each 
kind  of  atom  and  the  relative  amounts  of  each  present  in  water 
it  is  possible  to  get  the  relative  number  of  each  kind  of  atom. 
Each  hydrogen  atom  has  the  relative  weight  of  1.008  and  thus 
it  follows  that  11.19  parts  by  weight  of  hydrogen  will  con¬ 
tain  1 1.19  -r-  1.008  or  11.10  atomic  weights  of  hydrogen.  In  a 
similar  manner  we  may  see  that  88.81  parts  by  weight  of  ox¬ 
ygen  will  contain  88. 81-^16  or  5.55  atomic  weights  of  oxy¬ 
gen.  Of  course,  it  is  impossible  for  a  fraction  of  an  atom  to 
combine,  but  the  relative  numbers  of  hydrogen  and  oxygen 
atoms  present  in  the  water  molecule  are  given  by  these  figures. 
From  this  information  we  may  write  the  formula  of  water  as 
Hn.ioO5.55  but  we  prefer  that  the  formula  express  the  number 
of  each  kind  of  atom  in  a  single  molecule.  In  all  scientific  work 
it  is  desirable  to  use  the  simplest  expressions  possible  and  thus 
we  prefer  to  simplify  the  formula  which  was  written.  It  is 
obvious  in  this  case  that  the  number  of  hydrogen  atoms  is 
twice  the  number  of  oxygen  atoms  and  so  the  simplest  formula 
is  H20.  To  arrive  at  this  simplest  formula  in  any  case  we  have 
only  to  divide  each  of  the  subscript  numbers  by  the  small¬ 
est  one. 

Another  example  will  make  the  method  more  clear.  A  com¬ 
pound,  upon  analysis,  is  found  to  contain  7  5  percent  of  carbon 
and  25  percent  of  hydrogen.  From  the  table  one  finds  the 
atomic  weight  of  carbon  to  be  12.  Thus  in  100  parts  by  weight 
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of  the  substance  there  are  75  12  or  6.25  atomic  weights  of 

carbon  and  there  are  25  -i-  1.008  or  almost  exactly  25  atomic 
weights  of  hydrogen.  The  formula  could  be  written  as  C6.25H25 
but  it  is  more  simple  to  divide  each  of  these  numbers  by  the 
smaller  one  and  use  the  whole  numbers  so  obtained  as  the  sub¬ 
scripts.  Thus  6.25  -f-  6.25  is  1  and  25  -f-  6.25  is  4,  and  the  for¬ 
mula  may  be  written  as  CH4.  Due  to  unavoidable  errors  in 
analyses,  the  results  never  check  exactly  to  every  figure.  Thus 
we  get  results  such  as  the  one  above  in  which  we  simply  must 
round  off  the  number  to  25  instead  of  a  number  just  a  fraction 
smaller  than  that. 

Formula  Weights.  Formulas  and  atomic  weights  have  been 
determined  by  experiment  and  from  this  knowledge  it  is  pos¬ 
sible  to  calculate  the  weight  expressed  by  a  formula.  In  the 
case  of  H20,  for  instance,  the  formula  implies  two  atomic 
weights  of  hydrogen  and  one  atomic  weight  of  oxygen.  The 
formula  weight  then  is  (2  X  1.008)  plus  16  or  18.016  and  this 
is  the  same  as  the  molecular  weight.  If  the  formula  for  any 
substance  is  known  it  is  possible  so  to  calculate  the  formula 
weight  at  once. 

Combining  Number  or  Valence.  In  dealing  with  water, 
we  see  the  formula  is  H20  which  means  that  one  oxygen  atom 
is  able  to  combine  chemically  with  two  hydrogen  atoms.  At 
the  present  time  we  shall  make  no  statements  as  to  why  this 
may  be,  but  we  shall  accept  it  as  an  experimental  fact.  On  the 
other  hand  we  have  seen  the  reason  for  assuming  that  one  atom 
of  chlorine  is  able  to  combine  with  only  one  hydrogen  atom  to 
form  hydrogen  chloride,  which  we  write  as  HC1.  Also  we 
have  explained  evidence  for  the  existence  of  ammonia  as  NH3, 
and  have  seen  an  example  concerning  a  substance  found  in 
natural  gas  in  which  one  carbon  atom  is  combined  with  four 
hydrogen  atoms  as  CH4.  Now  there  are  no  cases  known  in 
which  one  hydrogen  atom  is  combined  with  more  than  one 
atom  of  any  other  element  and  so  it  is  used  as  a  standard  for 
comparison.  Those  elements  whose  atoms  can  combine  with 
only  one  hydrogen  atom  are  said  to  have  a  combining  number 
of  one,  while  the  others  are  designated  in  a  similar  fashion. 
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Thus  in  the  above  examples  the  combining  number  of  chlorine 
is  one,  of  oxygen  is  two,  of  nitrogen  is  three,  and  of  carbon  is 
four.  All  of  the  elements  may  be  classed  in  this  fashion,  either 
by  direct  comparison  with  hydrogen  or  by  indirect  compar¬ 
ison  through  some  other  element.  For  instance,  the  element 
iron,  symbol  Fe,  does  not  combine  with  hydrogen,  but  its 
union  with  chlorine  to  form  FeCl3  places  its  combining  num¬ 
ber  as  three.  Instead  of  using  the  term  combining  number  it 
is  customary  to  designate  the  same  thing  by  the  term  valence 
which  means  “  combining  capacity.’’  The  explanation  which 
is  used  to  account  for  the  different  combining  numbers  be¬ 
longs  to  another  chapter. 

Combining  Weights.  We  have  shown  that  oxygen  has  a 
combining  number  of  two.  We  cannot  say  that  one  half  of  an 
atom  of  oxygen  will  combine  with  an  atom  of  hydrogen  be¬ 
cause  the  oxygen  atom  cannot  be  split.  We  can  say,  however, 
that  one  half  of  a  gram  atomic  weight  of  oxygen  will  combine 
with  a  gram  atomic  weight  of  hydrogen.  That  is,  8  grams  of 
oxygen  is  chemically  equivalent  to  1.008  grams  of  hydrogen. 
Since  the  atom  of  hydrogen  is  taken  as  the  standard  of  combin¬ 
ing  number  it  is  also  taken  as  the  standard  of  combining 
weights.  That  weight  of  any  element  which  will  combine  with 
1.008  grams  of  hydrogen  is  called  its  combining  weight.  Since 
some  elements  will  not  combine  with  hydrogen  it  is  neces¬ 
sary  to  get  at  their  combining  weights  by  reacting  them  with 
oxygen  and  use  8  grams  of  that  element  as  the  standard. 

On  this  basis  we  are  able  to  say  that  the  combining  number 
of  chlorine  is  the  same  as  the  atomic  weight,  35.46.  The  com¬ 
bining  weight  of  iron  in  FeCl3  is  one  third  of  the  atomic  weight 
or  i  of  55.84  which  is  18.61.  Then  if  18.61  grams  of  iron 
is  chemically  equivalent  to  1.008  grams  of  hydrogen  and,  also, 
8  grams  of  oxygen  is  equivalent  to  1.008  grams  of  hydrogen 
we  should  be  able  to  say  that  18.61  grams  of  iron  is  chemically 
equivalent  to  8  grams  of  oxygen.  This  is  true  and  we  find  just 
that  relation  between  their  weights  in  Fe203. 
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CHEMICAL  EQUATIONS 

Earlier  in  this  chapter  we  considered  the  evidence  for  writ¬ 
ing  the  molecule  of  oxygen  as  02  and  the  molecule  of  hy¬ 
drogen  as  H2.  In  Figure  21  the  union  of  two  hydrogen  mole¬ 
cules  with  one  oxygen  molecule  was  represented  in  picture 
form.  We  also  have  discussed  atomic  weights,  molecular 
weights,  and  the  method  of  arriving  at  a  chemical  formula. 
By  this  time  it  should  be  apparent  to  us  that  chemical  changes 
take  place  in  a  definite  manner.  Because  of  this  we  are  able 
to  make  exact  statements  about  the  numbers  of  molecules 
which  react,  the  weights  of  each  reacting  substance  and  prod¬ 
uct,  and  the  volumes  of  any  gases  which  enter  the  reaction  or 
are  produced  by  it.  To  tell  all  of  this  in  words  requires  several 
lines  of  writing  and  before  we  can  discuss  many  different 
chemical  changes  we  will  become  thoroughly  bored.  To  get 
away  from  such  lengthy  discussions,  the  chemist  has  a  system 
whereby  he  makes  use  of  chemical  formulas  arranged  in  the 
form  of  a  chemical  equation. 

In  order  to  make  the  chemical  equation  usable  it  has  be¬ 
come  necessary  to  agree  upon  certain  points  of  use.  We  must 
use  the  symbol  for  an  element  to  represent  an  atomic  weight 
of  that  element.  Thus  when  we  write  the  symbol,  O,  for  oxy¬ 
gen  we  mean  16  parts  by  weight  of  oxygen.  If  we  write  the 
formula  for  the  oxygen  molecule,  02,  we  mean  32  parts  by 
weight  of  oxygen.  In  the  reaction  of  oxygen  with  hydrogen 
to  form  water  we  may  recall  that  two  molecules  of  hydrogen 
react  with  one  molecule  of  oxygen  to  form  two  molecules  of 
water.  The  two  molecules  of  hydrogen  are  written  as  2  H2  and 
the  two  molecules  of  water  are  written  as  2  H20.  Let  us  list 
the  available  information  in  equation  forms. 

2  volumes  of  hydrogen  +  1  volume  of  oxygen  — >  2  volumes  of 
water  vapor 

2  molecules  of  hydrogen  +  1  molecule  of  oxygen  — >  2  molecules 
of  water 

2  molecular  weights  of  hydrogen  +  1  molecular  weight  of  oxy¬ 
gen  — >  2  molecular  weights  of  water 
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2(1.008  X  2)  grams  hydrogen  +  2  X  16  grams  oxygen 

— >  2(1.008  X  2  +  16)  grams  water. 

Now  this  may  be  expressed  as  a  simple  chemical  equation. 

2  H2  4~  O2  — *  2  H2O 

Everything  which  is  expressed  in  the  four  statements  above 
the  equation  is  also  stated  (by  agreement)  in  the  equation.  At 
first  glance  the  equation  shows  the  number  of  molecules  of 
each  substance  concerned  but  it  also  shows  the  number  of 
atoms  of  each  element  present.  Since  it  is  agreed  that  an  atomic 
weight  of  an  element  is  represented  by  each  symbol  we  may 
at  once  obtain  the  relative  weights  of  each  substance  by  con¬ 
sulting  the  table  of  atomic  weights.  For  each  formula  weight 
of  a  gas  we  also  have  a  definite  volume  (22.4  liters).  Thus  in 
a  short  chemical  equation  we  may  express  quite  a  bit  of  in¬ 
formation. 

It  is  not  at  all  difficult  to  write  chemical  equations  if  we 
know  enough  about  the  chemical  changes  to  which  the  equa¬ 
tions  apply.  It  is  true,  however,  that  we  must  know  all  of  the 
required  information  before  we  can  represent  a  change  in  this 
way.  We  must  know  the  formulas  for  the  reacting  substances 
as  well  as  for  the  products.  We  also  must  know  the  relative 
amounts  of  each  which  take  part  in  the  reaction.  All  of  this 
must  be  determined,  at  some  time,  by  experiment  but  when 
it  has  once  been  determined  and  recorded  we  are  at  liberty  to 
use  it  without  further  experimentation.  For  the  usual  beginner 
in  chemistry  the  writing  of  equations  seems  quite  complicated 
and  it  appears  necessary  to  memorize  them.  This  is  far  from 
the  truth.  It  is  entirely  unnecessary  to  memorize  any  equation 
and  furthermore  it  is  undesirable  to  do  so.  The  writing  of 
equations  comes  best  after  a  great  amount  of  practice  and  then 
it  is  simple  indeed.  Unless  the  use  of  the  equations  is  important 
enough  to  merit  the  practice  necessary  then  nothing  is  to  be 
gained  by  memorizing  them.  In  the  pages  which  are  to  follow 
we  shall  make  use  of  equations  at  every  possible  opportunity. 
It  will  be  helpful  if  the  reader  will  take  the  time  to  observe  each 
equation  carefully. 
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Let  us  review  some  of  the  chemistry  of  oxygen  and  write 
chemical  equations  for  the  changes  which  take  place.  Oxygen 
may  be  prepared  from  mercuric  oxide  by  heating. 

Mercuric  oxide  — >  mercury  +  oxygen 

2  HgO  ->  2Hg  +  02 

It  may  be  prepared  by  heating  barium  dioxide. 

Barium  dioxide  — »  barium  oxide  +  oxygen 

2  Ba02  — *  2  BaO  -P  02 

Oxygen  may  also  be  prepared  from  potassium  chlorate  by 
heating. 

Potassium  chlorate  — >  potassium  chloride  -p  oxygen 

2  KC103  ->  2  KC1  +3  02 

Oxygen  will  combine  directly  with  all  of  the  metals  except 
a  few  such  as  gold  and  platinum  which  we  call  the  noble 
metals.  The  union  of  oxygen  with  some  metals  takes  place 
much  more  rapidly  than  with  others.  If  magnesium  is  heated 
in  a  flame  in  the  air  it  burns  with  a  brilliant  white  light. 

Magnesium  -p  oxygen  — ■>  magnesium  oxide 

2  Mg  -p  02  — >  2  MgO 

If  small  strips  of  iron  such  as  steel  wool  are  heated  to  a  bright 
red-heat  and  then  quickly  placed  in  oxygen  the  iron  will  burn 
with  a  shower  of  sparks. 

Iron  +  oxygen  — >•  iron  oxide 

4  Fe  +  3  02  — >  2  Fe203 

The  relatively  inactive  metal,  copper,  which  shows  little  signs 
of  reacting  with  oxygen  in  the  air,  will  combine  rapidly  with 
oxygen  if  it  is  heated  red-hot. 

Copper  +  oxygen  — »  copper  oxide 

2  Cu  +  02  — >  2  CuO 

Some  of  the  nonmetals  will  react  with  oxygen  just  as  fast  as 
do  the  metals.  Most  of  us  are  familiar  with  the  burning  of  sulfur 
which  takes  place  readily.  If  the  burning  sulfur  is  placed  in 
pure  oxygen  the  burning  occurs  with  a  brilliant  blue  flame. 

Sulfur  +  oxygen  — >  sulfur  dioxide 

5  -p  02  — >  S02 
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The  burning  of  carbon  is  a  common  experience. 

Carbon  +  oxygen  — >  carbon  dioxide 

c  +  o2  ->  co2 

Many  compounds  react  with  oxygen.  The  chief  component 
of  natural  gas  is  called  methane  and  it  has  the  formula  CH4. 
If  ignited  in  the  presence  of  air  or  oxygen  it  burns. 

Methane  +  oxygen  — >  carbon  dioxide  +  water 

CH4  +  2  02  ^  C02  +2  H20 

One  of  the  components  of  manufactured  gas  used  in  some  cities 
is  carbon  monoxide.  With  oxygen  or  air  it  will  burn. 

Carbon  monoxide  +  oxygen  — >  carbon  dioxide 

2  CO  -f-  02  — »  2  C02 

Gasoline  is  a  mixture  of  a  number  of  compounds  which  con¬ 
tain  carbon  and  hydrogen.  We  may  assume  it  to  contain  oc¬ 
tane  which  has  the  formula  C8H18.  It,  too,  bums  with  air  or 
oxygen. 

Octane  +  oxygen  — >  carbon  dioxide  +  water 

2  CsHis  T  25  02  — >  16  C02  4-  18  H20 

Paper  is  largely  made  up  of  cellulose  which  has  the  formula 
C6H10O5  and  we  may  write  an  equation  to  represent  its  burn¬ 
ing. 

Cellulose  +  oxygen  — ■>  carbon  dioxide  +  water 

CeHioOs  +  6  02  — »  6  C02  -j-  5  H20 

Oxygen  will  unite  with  certain  mineral  substances  if  they 
are  heated  in  the  air.  The  ore,  zinc  sulfide,  from  which  zinc 
is  prepared  is  thus  treated. 

Zinc  sulfide  +  oxygen  — >  zinc  oxide  +  sulfur  dioxide 

2  ZnS  ~b  3  02  — >  2  ZnO  -f-  2  S02 

These  are  only  a  few  of  the  reactions  in  which  oxygen 
takes  part  but  they  may  serve  to  give  some  idea  of  the  use  of 
equations. 
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SUMMARY 

Chemical  reactions  between  gases  take  place  in  such  a  way 
that  the  volumes  of  the  reacting  gases  are  related  as  small 
whole  numbers. 

Equal  volumes  of  all  gases,  at  the  same  temperature  and 
pressure,  contain  an  equal  number  of  molecules. 

Molecules  are  made  up  of  atoms.  Each  molecule  of  a  sub¬ 
stance  contains  at  least  one  atom  of  each  element  of  which 
it  is  composed.  The  relationship  between  the  volumes  of  react¬ 
ing  gases  can  be  explained  on  this  basis. 

The  ordinary  gaseous  elements,  oxygen,  hydrogen,  chlo¬ 
rine,  and  nitrogen  have  diatomic  molecules  and  their  molecular 
formulas  are  written  as  02,  H2,  Cl2,  and  N2. 

The  relative  weights  of  the  atoms  compared  to  the  oxygen 
atom  as  having  a  weight  of  16  are  called  the  atomic  weights. 
The  sum  of  the  atomic  weights  of  all  the  atoms  expressed  in  a 
formula  is  called  the  formula  weight  or  molecular  weight. 
The  molecular  weight  expressed  in  grams  is  called  the  gram- 
molecular  weight.  This  amount  contains  6.06  X  1023  mole¬ 
cules. 

Formulas  for  compounds  are  obtained  from  the  percentage 
composition  as  determined  by  analyses.  The  formula  merely 
expresses  the  number  of  each  kind  of  atom  present  in  the 
molecule. 

Some  elements  have  a  greater  combining  capacity  than  do 
others.  The  combining  capacity  of  hydrogen  is  taken  as  a  stand¬ 
ard  and  that  of  other  elements  are  compared  to  it.  The  result¬ 
ing  whole  numbers  are  called  combining  numbers. 

That  weight  of  any  element  which  will  combine  with  1 .008 
grams  of  hydrogen  or  with  8  grams  of  oxygen  is  called  its 
combining  weight. 
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REVIEW  QUESTIONS 

1.  State  Gay-Lussac’s  law  of  combining  volumes  and  give  il¬ 
lustrations. 

2.  What  contribution  was  made  by  Avogadro  to  the  explana¬ 
tion  of  Gay-Lussac’s  law? 

3.  What  is  the  difference  between  the  atom  of  hydrogen  and 
the  molecule  of  hydrogen? 

4.  Give  evidence  for  the  diatomic  nature  of  the  chlorine  mole¬ 
cules. 

5.  By  what  reasoning  do  we  assume  that  nitrogen  molecules 
are  best  expressed  as  N2? 

6.  What  is  meant  by  the  term,  gram-molecular  volume? 

7.  A  liter  of  a  gas  at  standard  conditions  weighs  1.429  grams. 
What  is  its  molecular  weight? 

8.  What  weight  of  an  element  is  represented  by  its  symbol? 
What  weight  of  a  compound  is  represented  by  its  formula? 

9.  What  is  expressed  by  the  formula  of  a  substance? 

10.  A  compound  was  analyzed  and  found  to  contain  52.17  per¬ 
cent  carbon,  13.13  percent  hydrogen,  and  34.79  percent  oxygen. 
Calculate  its  simplest  formula. 

11.  For  what  reasons  is  oxygen  used  as  the  standard  of  atomic 
weights? 

12.  What  is  Avogadro’s  number?  What  does  it  represent? 

13.  Calculate  the  formula  weight  of  each  of  the  following  com¬ 
pounds:  CH4  (methane);  NaCl  (soduim  chloride);  CuS04  (cop- 
persulfate);  Ba02  (barium  dioxide);  KC103  (potassium  chlorate). 

14.  The  formula  of  hydrogen  sulfide  is  H2S.  What  is  the  com¬ 
bining  number  of  S? 

15.  The  formula  of  aluminum  chloride  is  A1C13.  What  is  the 
combining  number  of  Al? 

16.  What  is  the  combining  number  of  oxygen  in  H20?  In 

ai2o3? 

17.  In  an  experiment  in  which  tin  was  burned  in  oxygen  it  was 
found  that  2.97  grams  of  tin  (Sn)  combined  with  0.8  gram  of 
oxygen.  What  is  the  combining  weight  of  tin? 

18.  The  combining  weight  of  tin  as  determined  in  No.  17  will 
combine  with  what  weight  of  chlorine? 
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HYDROGEN 

The  element,  hydrogen,  which  is  released  at  the  negative 
electrode  during  the  electrolysis  of  water  is  of  considerable 
importance.  The  free  element  is  present  in  the  atmosphere  in 
minute  traces  only  but  its  compounds  are  relatively  abundant 
in  the  earth’s  crust.  The  percentage  of  hydrogen,  by  weight, 
in  the  things  about  us  is  quite  small  because  the  hydrogen  atoms 
are  so  very  light,  but  it  is  probable  that  no  element  other  than 
oxygen  furnishes  more  atoms  for  the  crust  of  the  earth  than 
does  hydrogen.  It  is  found  in  combination  with  oxygen  in 
water  where  it  furnishes  about  one  ninth  of  the  total  weight. 
In  combination  with  carbon  it  is  found  in  natural  gas,  in  petro¬ 
leum,  and  in  products  such  as  gasoline,  kerosene,  and  lubri¬ 
cating  oils  which  are  prepared  from  petroleum.  A  considerable 
amount  of  combined  hydrogen  is  found  also  in  coal.  Together 
with  carbon  and  oxygen,  hydrogen  is  present  in  the  com¬ 
pounds  which  make  up  plant  and  animal  products  such  as 
starch,  sugar,  cellulose,  fats,  oils,  perfumes,  and  flavors.  In 
fact  it  seems  that  hydrogen  is  almost  as  important  to  living 
matter  as  is  carbon. 

The  Union  of  Hydrogen  with  Oxygen.  One  of  the  most 
characteristic  properties  of  hydrogen  is  its  violent  union  with 
oxygen  to  form  water  when  the  two  are  mixed  in  the  presence 
of  a  flame  or  a  spark.  We  have  written  the  chemical  equation 
for  this  union  but  nothing  has  been  said  about  the  amount  of 
heat  evolved.  For  every  molecule  of  water  formed  from  these 
elements  there  is  a  definite  quantity  of  heat  released  and  the 
equation  may  be  written  to  include  this. 

2  H2  +  02  -»  2  H20  +  136,540  calories 
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By  this  we  mean  that  when  two  gram-molecular  weights  of 
hydrogen  combine  with  one  gram-molecular  weight  of  oxy¬ 
gen  it  forms  two  gram-molecular  weights  of  water  and  re¬ 
leases  136,540  calories  of  heat.  We  may  write  this  another 
way.  2(1.008  X  2)  grams  hydrogen  +  2  X  16  grams  oxygen 

2(2  X  1.008  +  16)  grams  water  and  liberates  Hd^Ocalo- 
ries  of  heat. 

This  unit  of  heat ,  called  the  calorie ,  is  the  amount  of  heat 
which  is  required  to  heat  a  gram  of  water  one  degree  centi¬ 
grade.  As  water  is  heated  from  0°  C.  to  100°  C.,  it  is  found  that 
the  amount  of  heat  required  for  each  degree  of  temperature 
change  is  not  exactly  the  same.  The  average  over  this  range 
of  temperature  is  the  same  as  that  required  to  heat  the  water 
from  15°  C.  to  16°  C.  and  so  this  value  is  taken  as  the  standard. 
It  may  be  seen  that  the  heat  produced  during  the  formation 
of  two  gram-molecular  weights  of  water  (slightly  more  than 
36  grams)  is  enough  to  raise  the  temperature  of  1 36,540  grams 
of  water  (nearly  40  gallons)  one  degree  C. 

Catalysis  Again.  It  has  been  shown  by  experiment  that  a 
mixture  of  hydrogen  and  oxygen,  when  perfectly  dry,  will 
not  be  ignited  by  an  electric  spark.  The  presence  of  a  mere 
trace  of  moisture,  however,  enables  the  spark  to  start  the  com¬ 
bustion  which  takes  place  explosively.  Just  what  the  effect  of 
this  trace  of  moisture  is  we  do  not  know,  and  it  is  hard  to 
find  the  answer,  but  we  do  know  that  it  is  typical  of  the  action 
of  catalytic  agents  in  general.  Many  chemical  changes  take 
place  slowly,  if  at  all,  until  some  specific  foreign  material  is 
added  to  the  reacting  mixture  and  then  the  reaction  may  pro¬ 
ceed  rapidly  (see  the  preparation  of  oxygen  from  potassium 
chlorate).  It  frequently  happens  that  this  foreign  material 
is  unchanged  and  may  be  fully  recovered  but  its  presence  some¬ 
how  speeds  up  the  chemical  reaction  enormously.  We  may 
conclude  that  a  trace  of  water  acts  as  a  catalyst  for  the  union 
of  hydrogen  and  oxygen. 

Industrial  Use  of  the  Hydrogen  Flame.  The  enormous 
amount  of  heat  which  is  evolved  when  hydrogen  combines 
with  oxygen  is  utilized  in  the  welding  of  metals.  For  this  pur- 
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pose  a  special  burner  known  as  the  oxy-hydrogen  blow  torch 
is  used.  With  this  instrument  a  stream  of  hydrogen  is  burned 
in  a  stream  of  oxygen  and  the  heat  evolved  is  sufficient  to  melt 
most  of  the  metals.  There  are  certain  disadvantages 
which  go  with  the  use  of  these  two  gases  and  great¬ 
est  is  the  danger  of  explosions.  A  tank  of  hydrogen 
is  a  potential  source  of  an  explosion  if  the  released 
gas  is  improperly  handled.  Most  of  the  flame¬ 
welding  of  metals  is  done  by  burning  acetylene 
with  oxygen.  Acetylene  contains  a  large  percent¬ 
age  of  carbon  and  with  certain  metals  some  of  this 
carbon  reacts,  or  is  absorbed  by  the  metal,  and  the 
resulting  weld  is  less  useful.  For  such  metals  the 
use  of  the  oxy-hydrogen  flame  is  quite  desirable. 

This  is  particularly  true  in  the  case  of  some  of 
the  newer  alloys  (mixtures  of  metals  with  special 
uses) . 

Atomic  Hydrogen  Flame.  About  1926,  Irving 
Langmuir  made  a  remarkable  discovery  concern¬ 
ing  hydrogen.  When  hydrogen  gas  is  passed 
through  an  electric  arc  it  absorbs  a  large  amount 
of  energy  which  is  given  up  at  once  after  the  gas 
leaves  the  arc.  This  was  explained  by  Langmuir  as  involving 
the  splitting  of  hydrogen  molecules  to  give  hydrogen  atoms 
under  the  influence  of  the  energy  in  the  electric  arc. 

H2  +  electrical  energy  — »  H  +  H 


Ha 

Fig.  23. 
The  Oxy- 
hydrogen 
Blowpipe 


As  soon  as  the  atoms  of  hydrogen  get  away  from  the  electric 
arc  they  recombine  and  give  up  their  extra  energy  in  the  form 
of  heat.  This  latter  change  may  be  written  in  terms  of  calories. 

H  +  H  — >  H2  +  90,000  calories 

A  torch-like  apparatus  has  been  built  which  takes  advantage 
of  this  absorption  of  energy  and  its  subsequent  release.  By 
means  of  it  a  stream  of  hydrogen  is  sent  through  a  hot  electric 
arc  and  may  be  directed  against  a  piece  of  metal  which  is  to 
be  welded.  The  large  amount  of  heat  which  is  absorbed  from 
the  arc  is  released  at  the  metal,  and  in  addition  to  this  the  hydro- 
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gen  burns  to  get  the  metal  still  hotter.  The  total  heat  evolved  is 
great  enough  to  permit  the  attainment  of  temperatures  as  high 
as  5000°  C.  Extremely  important  welds  where  flaws  must  not 
be  present  are  made  by  this  process. 

Hydrogen  as  a  Chemical  Reagent.  Within  recent  years 
hydrogen  has  taken  on  added  importance  as  an  industrial  chem¬ 
ical  reagent.  This  has  been  due,  in  part,  to  its  production  at 
lower  costs  which  has  made  it  available  to  new  industries.  In 
addition  to  this  there  have  been  new  uses  discovered.  A  few  of 
the  industries  which  use  large  amounts  of  hydrogen  are  briefly 
described. 

Hydrogenation  of  Fats.  Certain  naturally  occurring  oils  such 
as  cottonseed  oil  and  cocoanut  oil  are  liquids  at  room  temperature 
and  are  not  adapted  to  cooking  purposes  because  we  prefer  to  use 
solid  fats  for  this.  Now  all  of  these  oils  contain  a  considerable 
amount  of  hydrogen  in  their  molecules  but  they  are  able  to  com¬ 
bine  with  still  more  of  this  element  under  the  proper  conditions. 
After  combining  with  additional  hydrogen  the  resulting  material 
is  a  solid  at  room  temperature  and  is  satisfactory  for  use  in  cooking. 
Thus  if  cottonseed  oil  is  heated  to  175°  C.  and  treated  with  hy¬ 
drogen  under  pressure,  in  the  presence  of  specially  powdered 
nickel  as  a  catalyst,  the  union  with  hydrogen  takes  place.  The 
resulting  hot  oil  is  filtered  to  remove  the  nickel  and  then  is  al¬ 
lowed  to  cool  to  a  solid.  We  are  acquainted  with  the  product  in 
the  form  of  “  Crisco,”  “  Spry,”  and  “  Snowdrift.”  Some  oils  which 
are  not  suitable  for  eating  are  also  “  hydrogenated  ”  in  this  manner 
for  the  manufacture  of  soap.  In  1939  there  were  more  than  410,000 
tons  of  oil  so  treated.  Each  ton  of  oil  requires  2000  or  more  cubic 
feet  of  hydrogen. 

Synthetic  Wood  Alcohol.  When  carbon  monoxide  and  hy¬ 
drogen  are  passed  together  over  a  suitable  catalyst  they  unite  to 
form  methyl  alcohol.  This  substance  is  known  as  synthetic  wood 
alcohol  and  is  given  the  name  methanol  to  prevent  confusion  with 
grain  alcohol.  The  1939  production  of  this  synthetic  product  was 
34,000,000  gallons  and  the  rate  of  production  in  1940  is  still  greater. 
More  than  five  billion  cubic  feet  of  hydrogen  was  required  for 
the  output  of  last  year. 

Synthetic  Ammonia.  We  have  already  mentioned  the  im¬ 
portance  of  nitrogen  compounds  to  fertilizers  and  explosives.  The 
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greatest  production  of  these  nitrogen  compounds  from  the  nitro¬ 
gen  of  the  air  is  by  way  of  the  formation  of  ammonia.  The  am¬ 
monia  may  be  changed  to  other  substances  as  needed.  Ammonia 
is  produced  by  passing  a  mixture  of  hydrogen  and  nitrogen  over 
a  catalyst.  The  1939  production  of  ammonia  in  the  United  States 
has  been  estimated  as  260,000  tons.  This  would  require  16  billion 
cubic  feet  of  hydrogen. 

Liquid  Fuels  from  Coal.  The  production  of  liquid  fuels  from 
coal  by  the  use  of  hydrogen  has  received  considerable  attention 
during  the  past  few  years.  Coal  is  heated  with  hydrogen  under 
pressure  and  some  of  the  coal  changes  into  liquid  compounds 
which  are  much  like  gasoline.  This  process  has  been  developed 
in  Germany  where  motor  fuel  is  in  great  demand  and  much  more 
expensive  than  in  the  United  States.  Some  experimental  work  has 
been  done  with  this  process  in  this  country  but  so  far  it  is  of  no 
importance  to  us.  As  long  as  we  have  large  amounts  of  crude 
petroleum  it  will  be  hard  to  introduce  other  sources  of  liquid 
fuels. 

Metals  from  Their  Ores.  The  great  reactivity  of  hydrogen 
with  oxygen  suggests  another  use  for  the  gas.  Many  metals  occur 
in  the  earth  in  the  form  of  their  oxides  and  to  get  the  free  metal 
the  oxygen  must  be  taken  away.  For  some  of  these  ores  it  is  satis¬ 
factory  to  heat  them  with  carbon  which  unites  with  the  oxygen 
leaving  the  metal.  There  are  cases  of  some  metal  oxides  which  will 
not  yield  the  free  metal  with  carbon  and  other  cases  where  the 
metal  content  of  the  ore  is  too  small  to  use  carbon.  Almost  all 
oxide  ores  will  give  up  their  oxygen  if  they  are  heated  with  hy¬ 
drogen. 

Copper  oxide  may  be  converted  to  free  copper  quite  easily  by 
means  of  hydrogen. 

CuO  +  H2  -»  Cu  +  H20 

Iron  oxide,  which  is  the  common  ore  of  iron,  is  also  converted 
to  free  iron. 

Fe203  4-  3  H2  — >  2  Fe  T  3  H20 

As  the  supply  of  high  grade  ores  of  iron  are  exhausted  it  may 
become  necessary  to  begin  using  ores  which  contain  too  little  iron 
to  handle  in  the  usual  way.  The  Bureau  of  Mines  has  already  done 
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considerable  research  looking  toward  the  production  of  iron  by 
means  of  hydrogen  with  low-grade  ores.  To  make  such  a  use 
possible  will  require  the  large  scale  production  of  cheap  hydrogen. 

The  Production  of  Hydrogen.  The  production  of  pure 
hydrogen  in  sufficient  quantities  to  meet  all  of  the  industrial 
uses  has  become  important.  An  examination  of  the  various 
methods  will  show  the  general  processes  which  are  used.  As 
would  be  expected,  it  is  necessary  to  start  with  a  cheap,  plenti¬ 
ful  material  if  large  amounts  of  the  gas  are  to  be  prepared  at  as 
low  a  cost  as  possible.  Since  water  is  easily  obtained  and  con¬ 
tains  11  percent  of  hydrogen  it  presents  itself  as  the  logical 
starting  material  for  the  production  of  commercial  hydrogen. 

The  Electrolysis  of  Water.  We  have  seen  how  the  passage 
of  an  electric  current  through  water  liberates  hydrogen.  In  this 
country  the  cost  of  electricity  has  been  too  great  to  permit  much 
production  by  such  a  method. 

Active  Metals  with  Water.  Certain  metals  are  active  enough 
chemically  to  take  oxygen  away  from  hydrogen  if  the  conditions 
are  properly  adjusted.  Among  these  are  sodium,  magnesium,  alu¬ 
minum,  zinc,  and  iron.  None  of  these  can  be  supplied  at  a  low  cost 
except  iron  and  this  may  be  because  such  large  quantities  of  it 
are  obtained  as  scrap.  If  hot  steam  is  passed  over  hot  iron,  in  the 
form  of  very  small  pieces,  the  iron  will  combine  with  the  oxygen 
in  a  part  of  the  steam  and  will  liberate  some  hydrogen.  This  will 
produce  some  iron  oxide.  It  may  be  recalled  that  we  have  just 
considered  the  removal  of  oxygen  from  iron  oxide  by  means  of 
hydrogen.  In  the  light  of  that  information  this  removal  of  oxygen 
from  water  by  means  of  iron  seems  queer.  Let  us  write  this  chem¬ 
ical  equation  and  consider  the  experimental  facts  of  the  case. 

4  H20  (steam)  +  3  Fe  — >  4  H2  -F  Fe304  (magnetic  oxide  of  iron) 

If  the  steam  is  sent  through  the  apparatus  which  contains  hot 
iron  it  will  carry  out  any  hydrogen  as  fast  as  it  is  formed.  On  the 
other  hand,  if  we  pass  hydrogen  over  hot  iron  oxide  it  will  react 
to  produce  some  iron  and  steam.  In  this  case  the  stream  of  hy¬ 
drogen  will  carry  away  any  steam  as  fast  as  it  is  formed.  Here 
we  have  a  chemical  change  that  can  take  place  in  either  direction 
depending  upon  the  amount  of  reacting  material  present.  If  there 
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is  a  large  amount  of  steam  present  it  goes  to  form  hydrogen;  if 
a  large  amount  of  hydrogen  is  present  it  goes  to  form  steam. 
Such  a  reaction  which  may  be  made  to  take  place  forwards  or 
backwards  is  said  to  be  reversible . 

Suppose  we  think  of  a  large  container  holding  scraps  of  iron 
and  filled  with  steam  at  a  temperature  near  red-heat.  In  order  that 
nothing  may  get  in  or  out  of  our  container  we  will  close  it  tightly. 
After  a  time  we  may  examine  the  contents  of  the  container  and 
find  that  a  part  of  the  steam  has  been  changed  and  we  have  about 
one  volume  of  hydrogen  to  six  volumes  of  steam.  If  we  repeat 
the  experiment  but  use  iron  oxide  and  hydrogen  and  have  the 
temperature  the  same  as  before  we  will  find  the  same  relative 
amounts  of  steam  and  hydrogen  as  the  first  time.  We  explain  this 
peculiar  behavior  by  saying  that  both  changes  take  place  at 
the  same  time  but  there  is  a  condition  where  they  take  place  at  the 
same  rate.  At  this  particular  temperature  this  occurs  when  the 
amount  of  steam  is  six  times  the  amount  of  hydrogen  (by  volume). 
If  the  temperature  is  raised,  the  amount  of  steam  present  will  be¬ 
come  less  and  less  until  at  1500°  C.  the  steam  and  hydrogen  volumes 
will  be  equal.  The  condition  of  two  chemical  reactions  taking 
place  in  opposite  directions  at  equal  rates  is  called  equilibritmt. 
We  represent  such  an  equilibrium  by  combining  the  equations  for 
the  two  reactions. 

4  H20  (steam)  +  3  Fe  ^  4  H2  +  Fe304  (magnetic  oxide  of  iron) 

By  adding  an  excess  of  steam  we  get  hydrogen  or  by  adding 
an  excess  of  hydrogen  we  could  change  the  magnetic  oxide  of 
iron  into  iron. 

Carbon  with  Water.  The  most  widely  used  method  for  the 
production  of  hydrogen  utilizes  the  reaction  between  steam  and 
carbon  at  1000°  C.  A  bed  of  coke  or  anthracite  coal  is  burned  with 
air  until  it  becomes  white  hot.  The  air  supply  is  shut  off  and  super¬ 
heated  steam  is  forced  through  the  hot  material.  The  reaction 
which  takes  place  consumes  energy  in  the  form  of  heat  and  the 
bed  of  hot  carbon  is  rapidly  cooled. 

H20  (steam) +  C  + 31,400  calories  — >  H2  +  CO  (carbon  monoxide) 

It  soon  becomes  necessary  to  turn  off  the  steam  and  again  let  in 
air  in  order  to  reheat  the  carbon  to  the  required  temperature. 

C  T  02  — >  C02  +  94,400  calories 
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This  process  may  be  controlled  so  that  the  collected  gas  con¬ 
tains  only  hydrogen,  carbon  monoxide,  and  carbon  dioxide.  These 
two  oxides  of  carbon  may  be  changed  into  liquids  quite  easily  and 
thus  removed,  or  the  carbon  monoxide  may  be  oxidized  by  steam 
in  the  presence  of  a  catalyst.  This  catalyst  is  a  mixture  of  the  oxides 
of  iron,  chromium,  and  thorium. 

CO  +  h2q  co2  +  h2 

The  hydrogen  in  the  gas  remains  unchanged  and  the  carbon 
dioxide  may  be  dissolved  if  bubbled  under  pressure  into  water. 
This  process  supplies  hydrogen  both  easily  and  cheaply. 

Other  Sources  of  Hydrogen.  Compounds  other  than  water 
may  be  used  for  the  production  of  hydrogen  though  as  a  rule 
their  cost  prevents  extensive  application  unless  the  hydrogen 
is  a  by-product  or  something  else  is  produced  at  the  same  time 
and  may  be  sold. 

Metals  with  Acids.  Hydrogen  is  contained  in  all  of  the  sub¬ 
stances  which  we  commonly  call  acids.  From  some  of  these  the 
hydrogen  may  be  liberated  by  certain  active  metals.  We  have  seen 
how  iron  may  displace  hydrogen  from  water  at  elevated  tem¬ 
peratures.  In  like  manner,  iron  will  react  with  acids  even  at  room 
temperature  and  cause  the  hydrogen  of  the  acid  to  be  set  free. 
With  hydrochloric  (muriatic)  acid  iron  reacts  rapidly. 

Fe  +  2  HC1  — >  H2  +  FeCl2  (ferrous  chloride) 

Zinc  and  aluminum  also  displace  hydrogen  readily  from  this  acid. 

Zn  +  2  HC1  — »  H2  +  ZnCl2  (zinc  chloride) 

2  A1  +  6  HC1  — »  3  H2  +  2  A1C13  (aluminum  chloride) 

You  may  notice  that  in  these  equations  it  is  necessary  to  use  hy¬ 
drogen  atoms  in  multiples  of  two.  This  is  due  to  the  fact  that  there 
are  two  atoms  in  each  hydrogen  molecule. 

If  we  use  these  same  three  metals  with  sulfuric  acid  we  will  again 
obtain  hydrogen. 

Fe  +  H2S04  — >  H2  +  FeS04  (ferrous  sulfate) 

Zn  +  H2S04  — >  H2  +  ZnS04  (zinc  sulfate) 

2  A1  +  3  H2S04  — »  3  H2  +  A12(S04)3  (aluminum  sulfate) 

For  the  production  of  small  amounts  of  hydrogen  any  of  these 
metals  with  either  of  these  acids  will  give  satisfactory  results. 
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Metals  with  Bases.  Such  substances  as  caustic  soda  (sodium 
hydroxide)  and  caustic  potash  (potassium  hydroxide)  are  called 
bases  and  they  also  contain  hydrogen.  These  will  react  with 
several  of  the  active  metals  and  lose  hydrogen. 

Zn  +2  NaOH  — »  H2  +  Na2Zn02  (sodium  zincate) 

2  A1  4-  6  NaOH  — »  3  H2  +  2  Na3A103  (sodium  aluminate) 

A  commercial  product  for  cleaning  household  drains  contains 
flakes  of  sodium  hydroxide  together  with  small  bits  of  aluminum. 
When  mixed  with  water  these  react  to  form  hydrogen  which  stirs 
up  the  mass  of  accumulated  dirt  while  the  excess  of  sodium  hy-^ 
droxide  dissolves  the  fat. 

Petroleum  Products.  Petroleum  products  are  compounds  of 
carbon  and  hydrogen.  If  heated  to  a  sufficiently  high  temperature 
these  are  all  broken  apart  to  give  carbon  and  hydrogen.  The 
carbon  is  in  demand  as  a  filler  in  the  rubber  of  automobile  tires 
and  thus  a  considerable  effort  is  being  made  to  develop  this  process. 
It  is  already  in  use  in  the  gas  fields  of  Louisiana. 

Heavy  Hydrogen.  References  to  heavy  hydrogen  are  be¬ 
coming  so  common  in  the  daily  press  that  it  is  necessary  to 
refer  to  it  here  though  an  additional  study  will  be  made  in  a 
later  chapter.  Dr.  Urey  of  Columbia  University  made  the 
discovery  that  about  one  hydrogen  atom  out  of  every  5000 
has  an  atomic  weight  of  approximately  2 .  This  heavy  form  of 
hydrogen  has  many  of  the  chemical  properties  of  hydrogen 
but  as  yet  there  are  many  experiments  necessary  before  defi¬ 
nite  statements  may  be  made  concerning  all  of  its  chemical 
properties.  It  was  discovered  late  in  1931  and  since  that  time 
it  has  furnished  the  main  interest  for  hundreds  of  research 
workers.  It  has  been  named  deuterium  and  has  been  given  the 
symbol  D.  The  symbol  for  heavy  water  is  D20  and  it  is  called 
deuterium  oxide.  We  will  discuss  other  elements  having  heavy 
and  light  forms  and  we  shall  say  that  they  are  isotopes.  Thus 
deuterium  is  an  isotope  of  hydrogen. 
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SUMMARY 

Hydrogen  is  widely  distributed  in  nature  in  the  combined 
state.  It  occurs  in  water,  in  plant  and  animal  tissues  and 
products,  and  in  petroleum. 

When  hydrogen  unites  with  oxygen  it  liberates  large 
amounts  of  heat  and  it  is  thus  used  in  the  welding  of  metals. 
The  atomic  hydrogen  flame  gives  a  more  intense  heat  due  to 
the  energy  released  as  the  atoms  of  hydrogen  recombine  to 
form  molecules  of  hydrogen. 

Hydrogen  is  used  as  a  chemical  reagent  to  produce  solid 
fats  from  liquid  vegetable  oils  by  the  process  of  hydrogena¬ 
tion.  With  carbon  monoxide  hydrogen  will  unite  to  form  syn¬ 
thetic  methyl  alcohol.  With  nitrogen  hydrogen  may  be  made 
to  react  to  form  ammonia.  Each  of  these  processes  requires  a 
speciflc  catalytic  agent  and  specific  conditions  of  temperature 
and  pressure.  The  hydrogenation  of  certain  low-grade  coals 
has  led  to  the  formation  of  liquid  fuels.  Some  ores  of  metals 
which  are  oxides  may  be  changed  to  the  free  metal  by  the  use 
of  hydrogen. 

Hydrogen  may  be  produced  from  water  by  electrolysis,  by 
the  treatment  of  hot  iron  with  steam,  or  by  passing  steam 
through  beds  of  white-hot  carbon.  Certain  metals  such  as 
zinc,  iron,  and  aluminum  will  liberate  hydrogen  from  acids 
such  as  hydrochloric  and  sulfuric.  Zinc,  aluminum,  and  a  few 
other  active  metals  will  liberate  hydrogen  from  bases.  Petro¬ 
leum  products  may  be  broken  down  by  heat  to  give  hydrogen 
and  carbon. 

There  are  some  chemical  reactions  which  are  reversible. 
These  usually  reach  a  state  of  equilibrium  unless  the  products 
of  one  of  the  reactions  are  removed  from  the  reacting  vessel. 

A  part  of  the  hydrogen  in  all  substances  has  an  atomic  weight 
of  approximately  2.  This  is  known  as  deuterium  or  heavy 
hydrogen.  It  is  an  isotope  of  ordinary  hydrogen. 
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REVIEW  QUESTIONS 

1.  Would  you  expect  the  oxy-hydrogen  flame  to  give  a  higher 
temperature  than  that  produced  by  burning  hydrogen  with  air 
alone?  Explain. 

2.  Define  the  calorie.  How  many  calories  would  be  required 
to  heat  a  pound  of  water  from  0°  C.  to  100°  C.? 

3.  Define  a  catalyst.  Give  several  examples  of  catalytic  action. 

4.  In  the  production  of  hydrogen  by  the  use  of  steam  and  iron 
is  the  iron  a  catalyst?  Explain. 

5.  List  the  more  important  commercial  uses  of  hydrogen. 
Which  of  these  require  catalysts? 

6.  Why  is  hydrogen  not  used  in  the  production  of  iron, 
copper,  zinc,  and  other  relatively  cheap  metals  from  their  oxide 
ores? 

7.  Outline  the  methods  for  the  production  of  hydrogen  from 
water. 

8.  What  is  a  reversible  reaction?  What  do  we  mean  by  a 
chemical  equilibrium? 

9.  Why  is  commercial  hydrogen  not  produced  from  acids  and 
bases? 

10.  List  all  of  the  methods  of  preparing  hydrogen.  Which  are 
most  used  and  why? 
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Three  States  of  Matter.  So  far,  most  of  our  discussion  has 
concerned  gases.  But  any  gas  may  be  converted  to  a  liquid  if 
the  temperature  is  lowered  enough.  By  increasing  the  pressure 
applied  to  a  gas,  the  change  to  a  liquid  may  usually  be  brought 
about  at  a  higher  temperature,  except  that  for  every  gas  there 
is  a  definite  temperature  above  which  no  amount  of  pressure 
can  bring  about  its  liquefaction.  This  is  called  the  critical  tem¬ 
perature  and  it  has  been  discussed  under  the  behavior  of  gases. 
For  water  this  temperature  is  374°  C.  and  the  pressure  re¬ 
quired  to  keep  water  as  a  liquid  at  this  temperature  is  218 
atmospheres.  This  is  more  than  3000  pounds  per  square  inch. 
At  375°  C.  no  pressure  is  large  enough  to  keep  water  in  the 
liquid  form. 

It  is  common  experience  that  continued  cooling  of  steam 
converts  it  to  water  and  that  further  cooling  soon  converts  it 
to  a  solid  (ice)  form.  This  is  true  also  for  any  other  pure  sub¬ 
stance,  provided  that  the  cooling  is  great  enough.  These  three 
physical  conditions:  gas,  liquid,  and  solid,  in  which  a  substance 
may  exist  are  termed  the  three  states  of  matter.  In  general,  any 
substance  may  exist  in  any  of  the  three  states  unless  its  decom¬ 
position  prevents. 


THE  LIQUID  STATE 

Some  of  the  differences  between  gases  and  liquids  have  al¬ 
ready  been  mentioned.  That  the  molecules  of  a  gas  are  much 
farther  apart  than  those  of  a  liquid  is  shown  by  the  compressi¬ 
bility  of  the  two.  Some  gases  may  be  compressed  to  a  very 
small  fraction  of  their  original  volume  but  liquids  are  usually 
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resistant  to  an  increase  in  pressure.  That  the  attraction  between 
the  molecules  of  a  gas  is  less  than  the  attraction  between  the 
molecules  of  a  liquid  is  shown  by  the  method  used  to  confine 
each.  A  gas  will  diffuse  outward  from  a  container  unless  it  is 
tightly  closed  upon  all  sides  while  a  liquid  is  retained  in  a 
vessel  enclosed  on  the  bottom  and  sides  but  open  at  the  top. 
This  attraction  between  the  molecules  of  a  liquid  is  not  suffi¬ 
cient  to  hold  them  rigid  since  a  liquid  flows  downward  at 
every  opportunity  as  we  see  when  a  container  springs  a  leak. 


Fig.  24.  Attraction  between  the  Molecules  of  a  Liquid 


There  is  every  reason  to  believe  that  the  molecules  of  a  liquid 
are  moving  just  as  are  the  molecules  of  a  gas,  but  their  move¬ 
ment  is  probably  more  of  a  zigzag  nature  and  confined  to  a 
limited  area  rather  than  a  continuous  flow  outward.  Free  mo¬ 
tion  for  any  distance  is  considerably  hindered. 

Surface  Tension.  If  we  try  to  imagine  an  enlarged  view  of 
the  molecules  in  a  liquid,  we  may  arrive  at  a  picture  something 
like  the  accompanying  diagram.  There  are  two  positions  in 
which  the  molecules  may  find  themselves.  Either  they  will 
be  in  the  surface  of  the  liquid  or  they  will  be  within  the  body 
of  the  liquid.  If  we  represent  the  forces  of  attraction  between 
the  molecules  by  means  of  double-headed  arrows  we  can  see 
at  once  that  those  molecules  within  the  body  of  the  liquid  are 
attracted  by  molecules  on  all  sides  while  those  in  the  sur¬ 
face  are  attracted  by  molecules  to  the  side  and  downward 
only.  It  may  readily  be  seen  that  such  forces  will  tend  to  cause 
the  surface  molecules  to  be  drawn  closer  together  and  toward 
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the  center  of  the  liquid.  This  effect  is  noticed  in  the  spherical 
shape  taken  by  drops  of  water.  This  extra  attraction  between 
the  surface  molecules  is  called  the  surface  tension  of  the  liquid. 
It  acts  to  oppose  any  increase  in  the  amount  of  surface. 

Application  of  the  Principle  of  Surface  Tension.  It  is  the 
surface  tension  of  water  which  causes  it  to  be  drawn  upward 
in  the  soil  between  the  small  particles  of  earth.  This  is  usually 
referred  to  as  capillary  attraction  but  its  cause  rests  in  the 
surface  tension  of  the  water.  The  laundry  industry  has  found 
that  water  alone  does  not  rapidly  wet  the  fiber  of  clothing 
since  its  surface  tension  prevents  its  penetration  of  the  dry 
material.  However,  upon  lowering  the  surface  tension  of  the 
water  by  the  addition  of  certain  substances,  a  garment  may  be 
wetted  much  more  thoroughly  and  rapidly.  Certain  “  wetting 
agents  ”  have  been  produced  which  seem  to  speed  up  laundry 
practice  and  these  usually  lower  the  surface  tension  of  the 
water  quite  a  bit.  Considerable  evidence  has  been  put  forward 
to  show  that  certain  antiseptics  may  be  better  because  their 
solutions  in  water  have  a  very  low  surface  tension  which  per¬ 
mits  their  penetration  into  the  germ  cell. 

Evaporation.  Since  the  molecules  of  a  liquid  are  usually  like 
the  molecules  of  the  same  substance  in  the  gaseous  form,  ex¬ 
cept  that  they  may  be  closer  together  and  more  restricted  in 
their  motions,  we  must  expect  them  to  behave  toward  heat  in 
much  the  same  manner.  It  seems  only  natural  to  suppose  that 
some  of  the  molecules  of  the  liquid  will  be  moving  much  more 
rapidly  than  others,  and  that,  if  we  apply  heat  to  the  liquid, 
all  of  the  molecules  will  move  at  a  more  rapid  rate.  This  move¬ 
ment  takes  place  in  all  directions,  and  a  portion  of  the  mole¬ 
cules  must  strike  the  upper  surface  of  the  liquid.  Now  we  have 
seen  that  the  surface  of  the  liquid  is  made  up  of  a  layer  of 
molecules  which  are  drawn  closer  together  and  therefore  it 
will  be  just  a  little  difficult  for  a  moving  molecule  to  pene¬ 
trate  this  surface.  If,  however,  a  few  of  the  molecules  are 
moving  quite  rapidly  it  may  be  possible  for  them  to  pierce  this 
surface  “  skin.”  When  once  they  are  through  the  surface,  the 
molecules  may  not  have  enough  energy  left  to  carry  them 
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away.  They  may  fall,  or  be  drawn,  back  into  the  liquid.  But, 
if  they  do  get  clear  away,  we  say  the  liquid  is  evaporating. 
The  faster  the  molecules  within  the  liquid  move  the  greater 
will  be  the  possibility  that  some  of  them  will  get  through  the 
surface  and  thus  evaporate.  Since  the  speeds  at  which  the  mole¬ 
cules  move  depend  upon  the  temperature  of  the  liquid,  it  fol¬ 
lows  that  an  increase  in  the  temperature  should  increase  the 
evaporation. 

Boiling  Point.  There  is  another  effect  which  must  be  con¬ 
sidered  when  we  discuss  evaporation.  Above  the  liquid  is  the 
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Fig.  25.  Behavior  of  the  Molecules  at  the 
Liquid  Surface 


atmosphere  which  is  made  up  of  rapidly  moving  molecules  of 
air  gases  and  unless  the  molecules  of  the  liquid,  which  pene¬ 
trate  the  surface,  are  moving  rather  rapidly  they  will  be  beaten 
back  down  into  the  liquid  again  by  the  bombardment  of  the 
molecules  in  the  air.  A  few  of  the  molecules  from  the  liquid 
do  possess  enough  speed  to  get  away,  and  some  evaporation 
takes  place  even  at  low  temperatures.  Even  ice  evaporates  in 
freezing  air.  With  an  increase  in  temperature  the  number  of 
liquid  molecules  which  possess  enough  energy  to  get  com¬ 
pletely  away  against  the  atmospheric  pressure  is  increased 
until  a  temperature  is  reached  when  all  the  molecules  are  in  a 
condition  to  do  so.  As  additional  heat  is  added  the  liquid 
changes  to  a  gas  without  change  of  temperature.  It  is  at  this 
temperature  that  free  boiling  takes  place  and  it  is  termed  the 
boiling  point  of  the  liquid.  This  temperature  for  any  liquid 
will  depend  upon  the  atmospheric  pressure,  and,  since  this  is 
less  at  high  altitudes  than  at  lower  ones,  it  follows  that  water 
boils  at  lower  temperatures  if  one  carries  out  this  process  on 
a  mountain  of  considerable  height  rather  than  at  sea  level. 


114  WATER:  LIQUIDS  AND  SOLIDS 

Just  as  the  molecules  of  a  gas  produce  a  pressure  by  their 
many  impacts,  so  do  the  molecules  of  a  liquid  which  break 
away  from  the  surface.  The  greater  the  number  which  break 
away  the  greater  this  pressure  will  be  and  it  is  called  the  vapor 
pressure  of  the  liquid.  It  follows  from  what  has  gone  before 
that  the  boiling  point  of  a  liquid  is  the  temperature  at  vohich 
the  vapor  pressure  of  the  liquid  is  just  equal  to  the  atmospheric 
pressure. 

Advantage  is  taken  of  the  change  in  boiling  point  with  pres¬ 
sure  in  many  industries.  If  milk  or  sugar  syrup  is  evaporated 
at  atmospheric  pressure,  the  temperature  required  is  sufficient 
to  destroy  the  substance.  But,  by  evacuating  the  boiling  pans, 
it  is  possible  to  remove  the  excess  water  at  much  lower  tem¬ 
peratures.  In  the  canning  of  food  and  in  similar  industries  the 
pressure  in  the  cooking  vessel  is  increased  by  sealing  the  con¬ 
tainer  as  in  a  pressure  cooker.  This  results  in  a  much  higher 
boiling  point  of  the  water  and  thus  more  rapid  and  thorough 
cooking  or  heating.  These  are  equipped  with  safety  valves  to 
prevent  the  application  of  too  much  pressure  which  might 
easily  blow  up  the  cooker. 

Heat  of  Vaporization.  When  a  liquid  is  heated  to  its  boil¬ 
ing  point,  its  vapor  pressure  is  equal  to  the  atmospheric  pres¬ 
sure.  But,  if  the  liquid  is  to  evaporate,  the  volume  which  it 
occupies  must  be  greatly  increased.  This  expansion  in  volume 
requires  that  the  air  be  pushed  back  and  that  the  attraction 
between  the  molecules  of  the  liquid  be  overcome.  Both  of  these 
requirements  can  be  met  by  the  addition  of  energy  to  the  mole¬ 
cules  of  the  liquid.  Expansion  to  the  gaseous  state  cannot 
take  place  until  the  extra  energy  is  supplied.  Thus  after  a  liquid 
is  heated  to  its  boiling  point  it  is  necessary  that  still  more  heat 
be  supplied  to  bring  about  evaporation.  This  extra  heat  re¬ 
quirement  is  called  the  heat  of  evaporation  and  has  the  same 
numerical  value  as  the  heat  of  condensation  which  was  men¬ 
tioned  earlier  in  connection  with  the  liquefaction  of  gases. 
Every  liquid  requires  a  definite  amount  of  heat  for  its  evapo¬ 
ration,  and  for  some  this  is  quite  high.  For  water  this  amounts 
to  about  540  calories  for  each  gram.  This  means  that  it  takes 
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about  540  calories  of  heat  to  convert  one  gram  of  water  at 
100°  C.  to  steam  at  100°  C.  The  temperature  does  not  change, 
and  the  extra  heat  merely  supplies  the  energy  to  separate  the 
molecules  and  to  push  back  the  air. 

Refrigeration.  The  heat  of  evaporation  is  important  in  me¬ 
chanical  refrigerators.  A  liquid  which  evaporates  easily  (vola¬ 
tile)  is  caused  to  evaporate  by  creating  a  partial  vacuum  over 


Fig.  26.  Diagram  of  Refrigeration  Machine 


it.  The  evaporation  which  follows  is  made  possible  by  means 
of  heat  which  is  supplied  from  the  contents  of  the  refrigerator. 
The  gaseous  material  is  condensed  by  means  of  pressure  ap¬ 
plied  by  a  pump  together  with  cooling  by  means  of  water  or 
the  air.  The  cooled  liquid  is  then  ready  to  be  again  evaporated 
within  the  box.  A  number  of  substances  have  been  used  for 
this  purpose  but  the  most  successful  ones  are  sulfur  diox¬ 
ide,  ammonia,  methyl  chloride,  and  dichlorodifluoromethane 
(CF2C12)  (Freon).  All  of  these  are  gases  at  ordinary  condi¬ 
tions  but  their  critical  temperatures  are  relatively  high  and 
thus  they  are  easily  liquefied  at  room  temperature  by  pressure 
alone. 
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Air  Conditioning.  Aside  from  our  clothing,  there  are  two 
important  factors  which  control  the  comfort  of  the  body  with 
regard  to  sensations  of  temperature.  The  first  is,  of  course,  the 
actual  temperature  of  the  surroundings  and  the  second  is  the 
amount  of  moisture  in  the  air.  Our  bodies  have  a  natural  cool¬ 
ing  system  which  consists,  in  part,  of  the  perspiration  glands. 
The  evaporation  of  the  perspired  moisture  from  our  bodies  re¬ 
quires  considerable  heat 
and  thus  acts  as  a  means 
for  lowering  the  skin 
temperature.  The  more 
rapidly  this  evaporation 
takes  place  the  cooler 
the  surface  of  the  body 
will  be.  Since  the  tem¬ 
perature  of  the  body  as 
a  whole  is  quite  constant, 
the  rate  of  this  evapo¬ 
ration  cannot  be  con¬ 
trolled  by  the  body  but 
may  be  controlled  by 
Fig.  27.  Equilibrium  between  Water  adjusting  the  water  va- 

and  Its  Vapor  •  T 

r  por  in  the  air. 

If  we  consider  a  closed  vessel  which  is  partially  filled  with 
water  (Figure  27)  we  may  get  some  idea  of  the  influence  of 
water  vapor  in  the  air  upon  the  rate  of  evaporation.  At  first 
there  may  be  very  little  water  vapor  in  the  air,  and  more  mole¬ 
cules  of  water  will  leave  the  liquid  to  enter  the  air.  After  a 
time  the  number  of  water  molecules  in  the  air  will  become  so 
great  that  just  as  many  of  them  will  strike  the  surface  of  the 
liquid  as  will  leave  this  surface.  Such  a  condition  as  this  is  one 
of  complete  saturation  of  the  air.  By  raising  the  temperature 
of  the  water,  still  more  molecules  will  evaporate,  and,  by  cool¬ 
ing  the  vessel,  some  of  the  water  vapor  will  condense.  That  is, 
water  molecules  will  enter  or  leave  the  air  until  a  new  condi¬ 
tion  of  equilibrium  is  set  up.  Now  when  the  amount  of  water 
vapor  in  the  air  is  low,  in  comparison  with  the  amount  which 
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is  required  for  this  equilibrium  (saturation),  evaporation  of 
liquid  water  will  take  place  rapidly.  When  the  amount  of 
water  vapor  in  the  air  is  relatively  high,  evaporation  takes 
place  slowly  since  the  molecules  of  water  from  the  air  return 
to  the  liquid  almost  as  fast  as  they  leave  the  liquid. 

It  becomes  obvious  that  in  order  to  take  advantage  of  the 
natural  cooling  of  the  body  we  must  permit  some  evaporation 
of  perspiration  to  take  place,  if  this  is  at  all  possible.  If  the 
moisture  content  of  the  air  is  high,  evaporation  almost  ceases 
and  our  bodies  feel  too  warm,  even  though  the  actual  tempera¬ 
ture  may  be  at  the  usual  point  of  greatest  comfort.  This  is 
what  happens  in  hot  moist  climates.  If  the  moisture  content  of 
the  air  is  quite  low,  the  rate  of  evaporation  from  our  bodies 
becomes  rapid  and  the  cooling  may  be  too  great  for  comfort 
at  the  same  temperature  as  was  noted  above.  It  is  this  which 
happens  in  our  dry  steam  heated  apartments  in  Northern  cities. 
The  modern  plan  of  air  conditioning  seeks  to  adjust  the  mois¬ 
ture  content  of  the  air  so  that  comfort  results  at  a  convenient 
temperature. 


THE  SOLID  STATE 

Heat  of  Fusion.  If  the  temperature  of  water  is  lowered  suf¬ 
ficiently,  the  molecular  motion  is  slowed  down  until  forces 
of  molecular  attraction  are  able  to  overcome  much  of  the  mo¬ 
tion.  This  results  in  the  sudden  fixing  of  the  positions  occupied 
by  the  molecules  so  that  any  motion  which  they  possess  is  a 
vibration  about  a  point.  This  loss  of  motion  is  really  a  loss 
of  kinetic  energy,  and,  as  such,  this  energy  must  appear  in  some 
other  form.  As  is  the  case  when  a  gas  condenses  to  a  liquid, 
the  change  from  a  liquid  to  a  solid  evolves  heat  which  in  this 
instance  is  called  the  heat  of  solidification. 

To  those  who  have  observed  crystals  of  ice,  in  the  form 
of  snow,  it  is  apparent  that  the  change  from  the  liquid  to  the 
solid  involves  a  regular  arrangement  of  the  molecules  in  varied 
and  beautiful  crystal  patterns.  When  heat  is  applied  to  ice,  and 
the  solid  melts,  this  orderly  arrangement  is  destroyed  and 
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the  forces  of  rigidity  are  overcome  by  the  kinetic  energy  of  the 
molecules.  To  bring  this  about  requires  the  absorption  of  the 
same  quantity  of  energy  as  is  given  up  when  a  like  amount  of 
water  changes  to  a  solid.  This  heat  which  is  required  to  change 
a  solid  to  a  liquid  is  called  the  heat  of  fusion.  For  water,  this 
amount  of  heat  is  79  calories  per  gram. 

Melting  and  Freezing  Point.  For  most  substances  the 
change  from  a  liquid  to  a  solid,  or  from  a  solid  to  a  liquid, 
takes  place  at  a  definite  temperature.  This  is  termed  the  melt¬ 
ing  point  of  the  solid  or  the  freezing  point  of  the  liquid.  While 
it  is  impossible  to  heat  a  solid  above  its  melting  point  without 
melting  it,  yet  a  liquid  may  sometimes  be  cooled  several  de¬ 
grees  below  its  freezing  point  without  solidifying  it.  The  rea¬ 
son  for  this  is  quite  simple.  If  the  container  is  quite  clean  and 
free  from  rough  surfaces,  and  if  the  liquid  is  not  agitated,  it  is 
a  little  difficult  for  the  molecules  of  the  liquid  to  properly 
arrange  themselves.  However,  if  the  liquid  is  stirred,  or  if  a 
small  bit  of  the  solid  is  added,  the  molecules  begin  to  align 
themselves  at  once  with  the  evolution  of  the  heat  of  solidifica¬ 
tion.  This  heat  raises  the  temperature  of  the  solid-liquid  mix¬ 
ture  up  to  the  true  freezing  point  where  the  temperature 
remains  constant  until  all  the  liquid  is  converted  to  solid  by  fur¬ 
ther  cooling.  The  melting  of  a  solid  involves  the  reverse  of 
this  process.  First,  the  temperature  of  the  solid  is  raised  to  the 
melting  point  and  there  the  absorption  of  the  heat  of  fusion 
begins.  The  regular  order  of  arrangement  of  the  molecules 
begins  to  disappear.  Until  all  of  the  solid  is  changed  to  a 
liquid,  the  temperature  does  not  change.  Since  the  freezing 
point  and  the  melting  point  of  any  particular  substance  are 
the  same,  it  follows  that  a  mixture  of  the  solid  and  its  liquid 
which  have  stood  for  some  time  will  have  this  temperature. 
Thus,  a  water-ice  mixture  which  has  stood  for  some  time  in  an 
insulated  vessel  will  have  a  temperature  of  0°  C.  In  fact  the 
melting  and  freezing  points  are  defined  as  the  temperature  at 
which  a  solid  and  its  liquid  are  in  equilibrium. 

The  Structure  of  Solids.  Some  substances  seem  to  become 
solids  without  any  definite  form  and  without  any  orderly  ar- 
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rangement  of  the  molecules.  Such  solids  are  termed  amorphous , 
which  means  “  without  form,”  and  these  do  not  usually  have 
a  definite  melting  point.  Glass  is  typical  of  such  amorphous 
materials  in  that  it  softens  and  slowly  melts  over  quite  a  range 
of  temperature,  but  like  many  other  such  substances,  glass  is 
really  a  mixture  of  several  things  and  is  not  a  pure  compound. 
Butter  and  lard  are  other  examples. 

The  majority  of  pure  substances  exist  as  definite  crystals 
in  which  molecular  orderliness  is  quite  apparent.  The  shapes 
which  the  crystals  take  probably  depend  upon  the  shapes  of 
the  molecules  of  which  the  substance  is  composed  and  upon 
the  directions  in  which  the  attractive  forces  are  acting.  Thus 
water  crystals  are  variations  of  the  hexagonal,  while  salt  crys¬ 
tals  (common  salt)  are  cubic  or  boxlike.  In  some  instances 
the  same  substance  may  form  crystals  of  different  shapes  if  the 
conditions  are  changed  and  such  substances  are  said  to  be 
polymorphous.  This  means  that  more  than  one  stable  arrange¬ 
ment  of  the  molecules  is  possible,  but,  as  a  rule,  one  such 
arrangement  is  more  stable  than  the  others  at  any  given  tem¬ 
perature.  Any  other  crystal  form  will  slowly  change  to  the 
most  stable  form  though  this  may  require  months  or  even 
years.  Water  and  sulfur  are  two  outstanding  examples  of 
polymorphous  substances.  Objects  of  tin,  used  at  ordinary 
temperature,  tend  to  turn  to  a  powder  if  kept  for  a  long  time 
at  low  temperatures.  This,  which  is  called  “  Tin  Disease,”  is 
nothing  more  than  a  change  in  crystalline  form.  In  those  cases 
where  an  element  is  polymorphous,  the  various  forms  in  which 
it  exists  are  said  to  be  allotropic  forms.  An  example  of  this 
which  is  common  to  our  experience  is  the  existence  of  carbon 
both  as  diamond  and  as  graphite. 

Evidence  for  Molecular  Motion  in  Solids.  Probably  the 
best  evidence  for  the  motion  of  the  molecules  in  a  solid  is  in 
the  fact  that  most  solids  will  evaporate.  It  is  common  knowl¬ 
edge  that  such  solids  as  naphthalene  (moth  balls)  and  camphor 
will  evaporate  at  room  temperatures.  It  is  the  evaporation  of 
these  things  which  furnishes  the  molecules  which  reach  our 
noses.  Those  who  live  in  the  colder  climates  frequently  wit- 
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ness  the  slow  removal  of  ice  and  snow  by  evaporation  though 
the  temperature  remains  below  freezing. 

Since  molecular  motion  is  necessary  in  order  to  account  for 
this  behavior  of  solids,  it  is  generally  accepted  that  such  must 
exist.  This  is  probably  confined  to  a  sort  of  vibration  about  a 
point  rather  than  motion  of  any  sort  in  a  straight  line.  Such  a 
conception  gives  continuity  to  our  thoughts  concerning  sol¬ 
ids,  liquids,  and  gases,  and  does  not  seem  at  all  unreasonable 
or  improbable. 

X-Rays  and  Crystal  Structure.  X-Rays  are  very  short  light 
waves  which  have  something  near  the  dimensions  of  mole¬ 
cules  and  atoms.  By  subjecting  a  crystal  to  a  beam  of  x-rays 
and  placing  a  photographic  plate  in  the  proper  position  it  is 
possible  to  obtain  a  series  of  bright  spots  on  the  picture  which 
are  due  to  the  reflections  of  the  x-rays  by  the  atoms  or  mole¬ 
cules  within  the  crystal.  A  study  of  the  results  from  many  pic¬ 
tures  enables  one  skilled  in  the  work  to  construct  a  model 
showing  the  positions  of  the  component  parts  of  the  crystal. 
While  this  new  method  of  approach  is  quite  important,  its 
consideration  is  beyond  our  immediate  scope. 

SUMMARY 

Many  pure  substances  may  exist  as  solids,  liquids,  or  gases. 
These  are  known  as  the  three  states  of  matter.  The  particular 
state  of  a  substance  depends  upon  both  the  temperature  and 
the  pressure. 

The  molecules  within  a  liquid  are  fairly  close  together  and 
their  motion  is  considerably  restricted.  Those  within  a  solid 
are  tied  down  to  a  particular  locality  by  forces  acting  between 
them  but  some  sort  of  vibratory  motion  of  these  molecules 
probably  takes  place. 

The  molecules  at  the  surface  of  a  liquid  are  drawn  toward 
the  center  of  the  liquid.  This  force  which  is  called  surface 
tension  operates  so  as  to  prevent  the  extension  of  the  liquid 
surface. 

Those  molecules  of  a  liquid  which  move  fast  enough  are  able 
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to  penetrate  the  liquid  surface  and  gain  access  to  the  air,  re¬ 
sulting  in  evaporation.  When  the  pressure  produced  by  the 
evaporating  molecules  equals  the  atmospheric  pressure  the 
liquid  boils  freely.  The  temperature  at  which  this  takes  place 
is  the  boiling  point  of  the  liquid.  The  atmospheric  pressure 
determines  the  boiling  point  of  any  liquid. 

When  a  liquid  changes  to  a  gas  it  absorbs  a  large  amount 
of  energy,  in  the  form  of  heat,  which  serves  to  separate  the 
molecules  and  to  push  back  the  air.  This  is  the  heat  of  vapor¬ 
ization.  The  cooling  produced  in  a  mechanical  refrigerator 
results  from  the  heat  absorbed  by  an  evaporating  liquid. 

If  the  air  over  an  evaporating  liquid  becomes  saturated  with 
the  evaporated  molecules  a  condition  of  equilibrium  results 
and  evaporation  appears  to  stop.  Moist  air  thus  prevents  nor¬ 
mal  evaporation  from  our  bodies  and  we  have  a  sensation  of 
undue  heat.  Air  conditioning  attempts  to  control  the  moisture 
content  of  the  air. 

Heat  is  absorbed  when  a  solid  changes  to  a  liquid.  This  is 
called  the  heat  of  fusion.  This  same  quantity  of  heat  is  liber¬ 
ated  when  a  liquid  freezes.  The  melting  point  of  a  solid  is  the 
temperature  at  which  the  solid  and  its  liquid  will  remain  in 
contact  without  change.  This  is  also  the  freezing  point. 

Pure  solids  have  definite  arrangements  of  the  molecules  in 
crystalline  forms.  When  there  are  two  or  more  forms  of  the 
same  substance  it  is  said  to  be  polymorphous.  The  polymor¬ 
phic  forms  of  elements  are  said  to  be  allotropic. 

Crystal  structure  is  studied  by  means  of  short  x-rays  which 
may  be  reflected  by  the  individual  molecules  within  the  crystal. 

REVIEW  QUESTIONS 

1.  What  changes  must  take  place  in  order  to  convert  ice  into 
steam? 

2.  What  do  we  mean  by  kinetic  energy? 

3.  Give  evidence  for  the  statement  that  the  molecules  of  a 
gas  are  farther  apart  than  are  the  molecules  of  a  liquid. 

4.  What  evidence  is  there  for  molecular  motion  within  liquids 
and  solids? 
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5.  Try  to  float  a  small  dry  needle  on  the  surface  of  water.  Why 
is  this  possible? 

6.  Hold  a  piece  of  glass  or  a  knife  blade  tightly  against  the 
inside  of  a  tumbler  partially  filled  with  water.  Note  that  the  water 
crawls  upward  between  the  two  surfaces  above  the  level  in  the 
tumbler.  Explain. 

7.  Define:  heat  of  vaporization,  heat  of  fusion.  Why  does  the 
absorption  of  heat  during  these  two  processes  not  result  in  a 
temperature  rise? 

8.  Define  boiling  point.  Why  is  this  dependent  upon  the  at¬ 
mospheric  pressure? 

9.  Would  the  temperature  of  water  boiling  in  New  York  City 
be  the  same  as  that  of  water  boiling  in  Denver?  Why? 

10.  In  a  mechanical  refrigerator,  what  process  occurs  within 
the  coils  inside  the  box?  Within  the  coils  on  the  outside  of  the  box? 
Why  do  these  outer  coils  get  warm? 

1 1 .  Why  is  it  necessary  to  evaporate  water  within  many  steam 
heated  rooms? 

12.  What  term  is  applied  to  the  different  forms  of  elements  such 
as  carbon  which  are  known  in  two  or  more  crystal  forms? 

13.  Is  it  colder  when  you  get  out  of  a  swimming  pool  on  a 
windy  day?  Explain. 

14.  Is  it  true  that  an  egg  boiled  on  Pikes  Peak  is  not  cooked? 
Explain. 
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Importance  of  Solutions.  One  of  the  most  common  prop¬ 
erties  of  water  is  that  it  can  dissolve  and  mix  with  certain 
other  substances  with  which  it  comes  in  contact.  The  result¬ 
ing  mixture  is  called  a  solution.  While  it  is  true  that  all  sub¬ 
stances  such  as  various  rocks,  metals,  and  living  things  are  not 
noticeably  soluble  in  water,  it  is  remarkable  that  it  probably 
has  the  ability  to  dissolve  more  things  than  does  any  other 
substance.  The  solutions  formed  in  water  are  frequently  of  the 
utmost  importance  to  both  plants  and  animals.  Our  entire  body 
operates  as  a  water  solution.  As  a  noted  medical  man  once  re¬ 
marked,  “  Each  of  us  is  chemically  only  a  barrel  of  water  and 
87  cents  worth  of  chemicals.”  Those  things  which  our  body 
is  able  to  use  are  all  soluble  in  water.  Our  digestive  process 
is  largely  one  in  which  starches,  fats,  and  proteins  are  con¬ 
verted  into  water  soluble  substances  which  are  then  dissolved 
by  the  blood  and,  in  turn,  fed  to  the  tissue  and  other  cells.  The 
oxygen  which  the  body  uses  must  also  dissolve  in  the  water 
of  the  body  before  it  is  of  any  use  to  us.  Many  of  the  waste 
products  from  worn-out  tissues,  too,  are  converted  to  water 
soluble  material  and  eliminated  in  the  water  solution  of  the 
urine.  In  plants,  water  carries  food  from  the  soil  into  the  roots 
and  up  through  the  entire  cell  structure.  The  process  of  photo¬ 
synthesis,  by  which  new  plant  tissues  are  formed,  is  carried 
out  in  the  leaves  in  water  solution. 

Water  which  has  been  standing  in  contact  with  the  soil  for 
some  time  gets  loaded  with  soluble  material  which  is  frequently 
of  considerable  economic  importance.  One  big  chemical  com¬ 
pany  has  been  taking  a  million  dollars  worth  of  bromine  a 
month  out  of  sea  water.  This  process  of  solution,  then,  results 

123 


124  WATER:  UNIVERSAL  SOLVENT 


in  the  slow  decomposition  of  certain  rocks  and  indirectly 
leads  to  deposits  of  other  material.  Thus  considerable  quan¬ 
tities  of  limestone  have  been  precipitated  in  pocket  deposits 
from  old  sea  water  solution  and  many  deposits  of  valuable  min¬ 
erals  are  thought  to  have  been  similarly  concentrated. 

It  is  also  important  that  many  chemical  changes  which  take 
place  slowly,  if  at  all,  under  some  dry  conditions  will  occur 
quite  rapidly  if  water  is  present.  This  may  be  because  of  the 
more  intimate  mixing  which  takes  place  in  the  solution  and 
the  fact  that  the  reacting  particles  may  be  drawn  together 
more  readily. 

Solutions  are  Mixtures.  If  salt  is  dissolved  in  water  and  we 
wish  to  separate  the  two  we  have  to  boil  away  or  evaporate 
the  water.  Such  a  process  is  usually  thought  of  as  being  merely 
one  of  physics  with  no  chemical  forces  holding  the  water 
and  the  salt  together.  In  the  absence  of  chemical  combination 
we  can  only  say  that  solutions  are  surely  mixtures.  Another 
important  fact  is  that  if  a  solution  is  thoroughly  stirred  for 
some  time,  we  may  then  analyze  various  portions  of  it  and  find 
that  each  portion  has  the  same  composition.  This  indicates 
that  any  one  solution  is  homogeneous  (i.e.,  the  same)  through¬ 
out .  But  two  solutions  made  up  from  the  same  substances  may 
be  entirely  different  in  their  composition.  Of  course,  there 
usually  is  a  limit  to  the  amount  of  a  substance  one  may  dissolve 
in  another  substance.  In  the  light  of  these  facts  we  may  say 
that  a  solution  is  a  homogeneous  mixture  'whose  composition 
may  vary  between  certain  limits . 

Saturated  Solutions.  It  is  a  common  observation  that  there 
is  a  limit  to  the  amount  of  salt  which  one  may  dissolve  in  a 
certain  amount  of  water.  Some  other  substances  are  scarcely 
soluble  in  water  at  all.  Still  others  are  extremely  soluble.  This 
is  true  of  other  liquids  also.  The  liquid  which  serves  to  dissolve 
the  other  material  is  called  the  solvent  and  that  which  is  dis¬ 
solved  is  termed  the  solute.  While  solutions  are  not  limited 
to  solids  and  liquids  at  all  but  include  every  possible  combina¬ 
tion  of  solids,  liquids,  and  gases,  yet  we  shall  consider  a  solid 
dissolved  in  a  liquid  as  a  typical  example. 


COLLOIDAL  SUSPENSIONS 


125 


If  water  contains  only  a  small  amount  of  sugar  it  may  be 
possible  for  it  to  dissolve  still  more.  In  this  case  the  solution 
is  said  to  be  unsaturated.  If  to  such  a  sugar  solution  one  con¬ 
tinues  to  add  more  and  more  sugar  a  condition  is  finally  at¬ 
tained  where  no  more  of  it  will  be  dissolved  and  an  excess  will 
remain.  Such  a  solutioii  'which  remains  unchanged  in  the  pres¬ 
ence  of  excess  solute  is  said  to  be  saturated. 

Supersaturated  Solutions.  As  a  rule,  the  solubility  of  a  sol¬ 
ute  in  a  solvent  is  increased  with  a  rise  in  temperature  and  a 
warm  solution  can  be  made  to  contain  more  sugar  than  a  cold 
one  contains.  If  the  hot  saturated  solution  is  freed  from  all 
excess  of  undissolved  sugar  and  then  carefully  cooled  it  is 
quite  possible  that  no  solid  sugar  will  separate  even  though 
the  cold  solution  now  contains  more  sugar  than  one  can  ever 
dissolve  in  the  same  amount  of  water  without  heating  it.  If, 
however,  one  adds  a  very  small  sugar  crystal  to  the  above 
cooled  solution  all  of  the  excess  sugar  will  separate  out  rapidly 
and  a  saturated  solution  will  result.  Such  a  solution  'which 
deposits  some  of  the  solute  upon  the  addition  of  a  trace  of  the 
solute  is  said  to  be  supersaturated. 

Colloidal  Suspensions.  The  name,  colloid,  was  originally 
given  to  certain  gluelike  substances.  They  are  classed  as  col¬ 
loids  because  of  the  size  of  the  particles  in  solution.  If  one 
shakes  a  sample  of  ordinary  sand  with  water  it  is  to  be  ex¬ 
pected  that  the  sand  will  settle  to  the  bottom  of  the  container 
as  soon  as  shaking  stops.  However,  if  the  sand  is  ground  to  a 
powder  this  settling  will  go  very  slowly.  Further  grinding  will 
so  pulverize  the  sand  that  it  will  not  settle  to  the  bottom  of  the 
water  until  many  hours  have  elapsed.  Such  mixtures  in  which 
visible  particles  are  suspended  in  a  liquid,  are  called  suspensions. 
Your  medicine,  held  in  a  bottle  labeled  “  Shake  well  before 
using,”  is  such  a  suspension.  In  many  cases  the  particles  may  be 
so  small  that  they  become  invisible  to  the  naked  eye  and  be¬ 
cause  of  their  size  they  do  not  settle  out.  They  cannot  be  re¬ 
moved  from  the  liquid  even  by  filtering  through  an  ordinary 
filter  paper.  Such  suspensions  as  these  are  called  colloidal  sus¬ 
pensions. 
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Tyndall  Effect.  The  fact  that  these  colloidal  suspensions 
contain  small  particles  floating  about  in  the  liquid  may  be 
shown  by  passing  a  beam  of  light  through  them  in  an  other¬ 
wise  darkened  room.  The  beam  will  pass  through  an  ordinary 
solution  without  noticeable  reflection  if  the  eye  is  placed  at 
right  angles  to  the  beam,  but  the  passage  of  light  through  a 
colloidal  suspension  produces  a  slight  cloud  effect.  The  small 
invisible  particles  in  suspension  reflect  the  light  which  strikes 
them  and  we  get  an  effect  like  that  produced  when  a  small 
ray  of  sunshine  penetrates  a  dark  room  and  is  scattered  by  the 
dust  particles  in  the  air.  This  is  called  the  Tyndall  Effect  after 
the  English  physicist  who  discovered  it.  This  effect  permits 
the  examination  of  colloids  with  an  ultramicroscope. 

Colloidal  suspensions  play  an  important  part  in  the  natural 
processes  of  plant  and  animal  life.  The  protoplasm  which  is  the 
living  matter  of  every  animal  cell  is  colloidal  and  the  cell  struc¬ 
ture  of  plants  is  colloidal  in  nature  also.  Practically  every  life 
process  such  as  nutrition,  digestion,  and  secretion  are  processes 
in  which  colloidal  suspensions  take  part. 

A  list  of  the  industrial  fields  involving  colloids  would  pile 
up  endlessly  and  would  contain  such  items  as  the  manufacture 
of  rubber  goods,  textiles,  paper,  ink,  photographic  films,  plas¬ 
tics,  dairy  products,  varnish,  salad  dressing,  and  pottery.  These 
constitute  only  a  very  few  of  the  many  colloidal  industries. 
Very  frequently  we  encounter  colloids  without  recognizing 
them  as  such.  We  call  some  of  them  fog,  smoke,  glue,  blue  sky, 
and  jelly.  The  field  of  colloids  in  chemistry  is  so  great  and  its 
importance  is  so  far  reaching  that  it  has  become  an  almost  sepa¬ 
rate  field  of  study  followed  by  thousands  of  men  and  women 
chemists  the  world  over. 

Solubility  of  Liquids  in  Liquids.  It  is  common  experience 
that  many  pairs  of  liquids  are  freely  soluble  in  each  other. 
We  are  all  acquainted  with  such  solutions  as  alcohol  in  water, 
glycerin  in  water,  and  various  liquid  hydrocarbons  dissolved 
in  each  other  as  gasoline.  If  you  wish  to  remove  a  drop  of  oil 
from  a  piece  of  clothing  you  will  probably  use  a  liquid  such 
as  carbon  tetrachloride,  or  benzene,  or  gasoline  to  dissolve  it. 
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If  you  send  the  garment  to  the  cleaner  that  is  what  he  will  do. 
All  of  us  know  that  the  oil  drop  will  not  dissolve  in  water. 

There  is  a  common  expression  among  chemists  concerning 
the  solubility  of  various  liquids.  We  say  that  “  like  dissolves 
like.”  By  this  we  mean  that  if  the  molecules  of  the  two  liquids 
are  somewhat  alike  then  they  will  dissolve  each  other.  Sup¬ 
pose  that  we  consider  a  few  examples.  There  are  a  number  of 
substances  called  alcohols  which  are  becoming  common 
commercial  substances.  Among  these  there  are  methyl  al¬ 
cohol  (CH3OH),  ethyl  alcohol  (C2H5OH),  propyl  alcohol 
(C3H7OH),  butyl  alcohol  (C4H9OH),  and  amyl  alcohol 
(C5HnOH).  Let  us  consider  the  solubility  of  each  of  these  in 
water.  The  water  molecule  may  be  written  as  HOH  instead 
of  HoO.  Now  the  formula  of  water  looks  like  the  formula  for 
these  alcohols  in  that  all  of  them  have  an  OH  group.  We  find 
that  the  first  three  of  these  alcohols  are  quite  soluble  in  water. 
Their  molecules  are  not  enough  different  from  water  mole¬ 
cules  to  affect  the  solubility.  The  fourth  one,  butyl  alcohol, 
has  a  considerable  amount  of  carbon  and  hydrogen  and  it  looks 
still  less  like  a  molecule  of  water.  We  find  that  it  is  soluble  in 
water  to  the  extent  of  only  about  8  percent.  The  fifth  one 
which  is  still  less  like  water  is  soluble  in  water  to  the  extent  of 
only  2  percent.  All  of  these  alcohols  are  soluble  in  each  other. 

An  ordinary  fat  such  as  olive  oil  is  made  up  largely  of  glyc¬ 
erin  oleate,  (Ci7H33COO)  3C3H5.  You  may  see  readily  that  this 
molecule  is  chiefly  carbon  and  hydrogen.  In  order  to  dissolve 
it  we  should  try  some  compound  of  carbon  and  hydrogen  such 
as  the  hydrocarbons  which  are  found  in  gasoline.  At  least  one 
of  these  has  the  formula  Ci0H22.  This  is  a  splendid  solvent  for 
olive  oil.  Its  molecule  is  not  too  far  different  from  the  molecule 
of  fat.  You  are  probably  acquainted  with  the  fact  that  water 
and  gasoline  seem  to  be  completely  insoluble  in  each  other. 
Their  molecules  are  entirely  unlike. 

Those  liquids  which  mix  in  all  proportions  are  said  to  be 
co?npletely  miscible.  Those  which  mix  to  a  slight  extent  are 
said  to  be  partially  miscible ,  and  those  which  fail  to  mix  at  all 
are  said  to  be  immiscible . 
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Solubility  of  Gases  in  Liquids.  If  you  place  a  vessel  of  cold 
water  on  the  fire  and  carefully  observe  it  as  it  becomes  warm 
you  will  notice  the  formation  of  bubbles  within  the  liquid  long 
before  it  has  reached  the  boiling  point.  These  bubbles  are  due 
to  the  dissolved  air  which  escapes  as  the  temperature  rises.  All 
gases  are  soluble  in  water  to  some  extent  though  some  are  ex¬ 
tremely  so.  You  may  recall  that  oxygen  is  more  soluble  in 
water  than  is  nitrogen  and  that  the  air  which  is  driven  out  of 
water  by  heat  is  richer  in  oxygen  than  is  ordinary  air.  This  dis¬ 
solved  oxygen  is  the  only  source  available  for  the  use  of  fish. 
Carbon  dioxide  is  considerably  more  soluble  in  water  than  are 
such  gases  as  nitrogen,  oxygen,  and  hydrogen,  but  we  have 
evidence  that  carbon  dioxide  reacts  slightly  with  water  to  form 
carbonic  acid.  Ammonia  and  hydrogen  chloride  are  extremely 
soluble  in  water.  These  in  water  form  ammonium  hydroxide 
and  hydrochloric  acid  respectively.  High  solubility  of  any  gas 
in  a  liquid  leads  us  to  suspect  their  chemical  union. 

Sometimes  when  you  turn  on  a  water  faucet  you  are  sur¬ 
prised  to  obtain  a  vessel  of  water  which  looks  a  little  like  milk. 
This  soon  clears  and  then  is  like  any  other  sample  of  water.  The 
milkiness  is  due  to  small  bubbles  of  air  which  formed  when 
the  pressure  on  the  water  was  released.  This  is  an  example 
of  the  effect  of  pressure  on  the  solubility  of  gases  in  liquids. 
When  you  open  a  bottle  of  soda  water  which  has  not  been 
cooled  you  expect  to  receive  a  stream  of  bubbles  out  of  the 
bottle  top.  You  merely  release  the  pressure  within  the  bottle 
and  the  carbon  dioxide,  which  remained  dissolved  while  under 
pressure,  now  largely  becomes  insoluble. 

These  observations  just  outlined  embrace  two  fundamental 
facts  concerning  the  solubility  of  gases  in  liquids. 

1.  All  gases  become  less  soluble  in  liquids  at  higher  tempera¬ 
tures.  Unless  the  gas  reacts  with  the  liquid  it  is  insoluble  at  the 
boiling  point  of  the  liquid. 

2.  The  solubility  of  a  gas  in  a  liquid  at  any  temperature  is 
proportional  to  the  pressure  applied  to  the  gas.  If  the  gas  re¬ 
acts  with  the  liquid  this  statement  is  not  true.  In  the  case  of  a 
mixture  of  gases  in  contact  with  a  liquid  we  find  that  each  of 


BOILING  POINT  OF  SOLUTIONS  129 


them  dissolves  independently  of  the  others  according  to  its 
own  partial  pressure. 

Boiling  Point  of  Solutions.  If  one  heats  a  solution  contain¬ 
ing  a  solute  such  as  sugar,  which  will  not  boil,  until  the  solvent 
begins  to  boil  away  and  then  determines  the  temperature  of 
the  boiling  liquid  it  is  found  to  be  higher  than  the  boiling  point 
of  the  pure  solvent.  From  our  earlier  discussion  (Chapter  9) 
it  follows  that  the  presence  of  the  sugar  must  lower  the  vapor 
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Fig.  28.  The  Surface  of  a  Solution  Contains 
Solute  Molecules 

pressure  of  the  water  and  thus  it  is  necessary  to  heat  the 
water  to  a  higher  temperature  before  it  begins  to  boil.  We 
also  have  seen  that  the  vapor  pressure  of  the  liquid  is  due  to 
the  more  rapidly  moving  molecules  leaving  the  liquid.  Hence 
in  order  that  the  vapor  pressure  may  be  lower  at  a  given  tem¬ 
perature  it  is  necessary  that  not  so  many  molecules  leave.  This 
may  occur  for  one  or  both  of  two  reasons:  the  water  mole¬ 
cules  may  be  slowed  down,  or  the  surface  may  contain  rela¬ 
tively  fewer  molecules  of  water.  We  have  seen  in  previous 
discussions  (Kinetic  Theory)  that  the  kinetic  energy  which 
the  molecules  possess  is  determined  by  the  temperature  only. 
Hence  we  must  conclude  that  the  solute  may  lower  the  vapor 
pressure  of  a  solvent  merely  because  it  decreases  the  number 
of  solvent  molecules  in  the  surface.  This  being  the  case  there 
are  fewer  rapidly  moving  molecules  available  to  evaporate. 

It  follows  from  what  has  gone  before  that  the  lowering  of 
the  vapor  pressure  of  the  solvent  in  a  solution  should  depend 
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upon  the  relative  number  of  molecules  of  solvent  and  solute 
present.  That  this  is  true  is  shown  by  the  fact  that  equal  molec¬ 
ular  amounts  of  various  nonvolatile  solutes  dissolved  in  equal 
weights  of  water  all  produce  the  same  elevation  of  the  boiling 
point  of  the  water.  Thus  1000  grams  of  water  to  which  has 
been  added  1  molecular  weight  (342  grams)  of  sugar,  or  1 
molecular  weight  (92  grams)  of  glycerin  will  boil  at  0.52°  C. 
above  the  boiling  point  of  water  alone.  Liquids  other  than 
water  have  their  boiling  points  raised  in  a  similar  manner  by 
the  presence  of  dissolved  material  but  the  amount  of  elevation 
is  not  the  same  as  that  for  water.  For  most  common  liquids  this 
amount  of  elevation  has  been  experimentally  determined  and 
put  up  in  tables  for  us  in  our  reference  books.  Use  is  made  of 
this  in  the  determination  of  the  molecular  weights  of  various 
substances.  A  known  weight  of  a  substance  is  dissolved  in  a 
known  weight  of  water,  or  of  other  liquid,  and  the  elevation 
of  the  boiling  point  determined.  From  this,  together  with  the 
value  of  the  molecular  elevation  for  the  particular  liquid,  the 
molecular  weight  of  the  substance  may  be  quickly  determined. 

This  behavior  is  summed  up  in  the  Law  of  Raoult  which 
states  that  the  rise  in  boiling  point  of  the  solvent  in  the  solution 
is  proportional  to  the  number  of  molecular  weights  of  solute 
present  in  a  fixed  amount  of  solvent.  It  must  be  remembered, 
however,  that  this  refers  to  solutions  of  substances  such  as 
sugar  which  do  not  themselves  tend  to  boil  away. 

Freezing  Point  of  Solutions.  If  one  cools  the  solutions  con¬ 
sidered  above,  it  is  found  that  they  do  not  freeze  at  the  same 
temperature  as  that  at  which  the  pure  solvent  freezes  but  that 
they  freeze  at  a  lower  temperature.  Thus,  if  water  is  the  sol¬ 
vent,  the  solutions  of  342  grams  of  sugar  or  of  92  grams  of 
glycerin  in  1000  grams  of  water  will  each  freeze  at  — 486°  C. 
Solvents  other  than  water  will  have  their  freezing  points  low¬ 
ered  by  other  amounts.  Flere  again  equal  molecular  quantities 
of  the  solutes  dissolved  in  identical  amounts  of  the  solvent, 
will  produce  equal  effects.  This  behavior  also  becomes  impor¬ 
tant  in  molecular  weight  determinations.  In  actual  practice  one 
never  tries  to  freeze  a  solution  containing  such  a  large  volume 
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of  solvent  but  instead  a  small  volume  is  used.  In  place  of  using 
enough  of  the  solute  to  give  a  large  lowering  of  the  freezing 
point  it  is  customary  to  use  only  enough  to  give  about  0.1° 
lowering  and  to  calculate  the  molecular  weight  from  the  data 
obtained.  Such  procedure  is  quite  common  in  the  chemistry 
laboratory. 

The  common  practice  in  cold  climates  of  putting  antifreeze 
in  a  car  radiator  is  a  practical  application  of  this  principle. 
There  are  four  leading  antifreezes:  methanol,  alcohol,  ethy¬ 
lene  glycol  and  glycerin;  and  their  molecular  weights  are  32, 
46,  62,  and  92  respectively.  Thus  for  equal  weights  of  the  four 
those  with  lower  molecular  weights  will  produce  the  greatest 
lowering  of  the  freezing  point  in  the  radiator.  There  are  more 
molecules  in  a  pound  of  methanol  than  there  are  in  a  pound  of 
glycerin.  This  is  largely  offset  by  the  low  boiling  points  of 
the  first  two  which  cause  them  to  be  lost  easily  since  they 
evaporate  more  rapidly  than  water  does.  You  remember  the 
boiling  point  elevation  does  not  hold  for  such  things  as  alcohol 
which  boils  quite  easily. 

Osmotic  Pressure  of  Solutions.  Osmosis  is  a  common  phe¬ 
nomenon  but  one  which  is  little  understood.  It  is  by  this  method 
that  water  passes  from  the  soil  into  the  roots  of  plants.  Many 
body  processes,  too,  depend  upon  the  transfer  of  water  by 
osmotic  means  from  one  organ  to  another.  Some  idea  of  its 
nature  may  be  obtained  by  finding  out  what  may  cause  it.  Let 
us  imagine  two  vessels  such  as  jars  or  glass  beakers  placed  side 
by  side,  one  containing  pure  water  and  the  other  a  water  solu¬ 
tion  of  sugar.  From  our  previous  discussion  it  may  be  recalled 
that  the  vapor  pressure  of  the  pure  water  is  greater  than  that 
of  the  water  in  the  sugar  solution,  and  thus,  if  these  two  solu¬ 
tions  were  allowed  to  stand  long  enough,  the  pure  water  would 
evaporate  first.  Instead  of  allowing  these  two  solutions  to  stand 
in  the  open  air  suppose  that  we  cover  them  both  with  the  same 
jar  turned  upside  down  over  them  and  seal  its  edges.  The  con¬ 
dition  mentioned  is  illustrated  in  Figure  29.  After  some  time  the 
air  in  the  inverted  jar  will  contain  quite  a  bit  of  water  vapor. 
The  molecules  of  water  will  be  leaving  the  liquid  and  becom- 
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mg  vapor  and  at  the  same  time  some  water  molecules  will  be 
leaving  the  vapor  and  becoming  liquid.  If  we  consider  the 
sugar  solution,  however,  we  must  remember  that  the  vapor 
pressure  of  the  water  molecules  in  the  pure  water  is  greater 

than  the  vapor  pressure  of  the 
water  in  the  solution.  Water 
molecules  will  tend  to  leave 
the  sugar  solution  more 
slowly  than  the  pure  water. 
Finally,  water  molecules  will 
enter  the  sugar  solution  faster 
than  they  leave  the  sugar  solu¬ 
tion.  In  fact,  the  solution  will 
drink  up  water  from  the  moist 
air.  So  long  as  the  pure  water 
is  present  to  furnish  the  mole¬ 
cules  of  water  for  the  vapor 
this  process  will  continue. 
After  a  time  the  volume  of  the 
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Fig.  29.  Molecules  Leave  Pure 
Water  and  Enter  the  Solution 


will  be  measurably  larger.  The  greater  the  con- 
of  the  solution  the  faster  this  process  will  take 


solution 
centration 
place. 

Now  let  us  transfer  our  idea  of  the  two  vessels  containing 
water,  and  sugar  in  water,  to  a  slightly  different  situation.  This 
time  we  may  consider  the  two  liquids  as  being  separated  by  an 
animal  membrane  such  as  the  intestinal  wall  or  bladder  or  a 
piece  of  parchment  paper  which  will  permit  water  molecules 
but  not  sugar  molecules  to  pass  through.  Such  a  membrane  is 
said  to  be  semipermeable.  The  diagram  (Figure  30)  illustrates 
the  idea  more  clearly.  B  shows  a  magnified  portion  of  the 
picture  as  one  may  imagine  it  to  be.  The  open  circles  represent 
water  molecules  and  the  dark  circles  represent  sugar  molecules. 
Now  the  number  of  water  molecules  passing  through  the  mem¬ 
brane  in  either  direction  is  proportional  to  the  number  of 
water  molecules  which  get  a  chance  at  going  through.  Thus 
the  pure  water  will  pass  through  faster  and  will  build  up  a 
larger  (but  more  dilute)  volume  of  solution.  This  net  flow  of 
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water  into  the  solution  may  be  stopped  by  the  application  of 
pressure  to  the  solution  and  the  pressure  so  required  is  called 
the  osmotic  pressure  of  the  solution.  It  is  obvious  from  the 
previous  discussion  that  the  number  of  molecular  weights  of 
solute  present  in  a  given 
amount  of  solvent  determines 
the  osmotic  pressure  which 
results. 

If  two  solutions  of  unequal 
concentrations  are  separated 
by  a  membrane  within  our 
bodies,  the  water  will  pass  from 
the  more  dilute  to  the  more 
concentrated  solution.  Two 
solutions  whose  concentrations 
give  them  the  same  osmotic 
pressure  are  said  to  be  isotonic. 

The  blood  and  the  solution  in¬ 
side  the  blood  corpuscles  are 
isotonic.  If  the  blood,  for  ex¬ 
ample,  were  replaced  by  water 
the  water  would  enter  the  cor¬ 
puscles  and  cause  them  to 
burst.  If  the  osmotic  pressure  of  the  blood  were  increased  the 
water  would  pass  from  the  corpuscles  and  they  would  shrink. 
Thus  the  injection  of  salt  solutions  into  the  blood  stream  to 
make  up  for  lost  blood  must  be  carefully  controlled. 
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B.  Imaginary  Magnification  of  above. 
The  Water  Molecules  in  the  Solution 
have  less  Access  to  the  Membrane 

Fig.  30.  Osmosis 


SUMMARY 

Homogeneous  mixtures  whose  composition  may  be  varied 
between  certain  limits  are  called  solutions.  These  may  consist 
of  all  possible  combinations  of  solids,  liquids,  and  gases. 

The  substance  present  in  largest  amount  is  usually  termed 
the  solvent,  while  that  one  which  is  dissolved  is  termed  the 
solute. 

A  solution  whose  composition  remains  unchanged  in  the 
presence  of  an  excess  of  solute  is  said  to  be  saturated. 
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A  solution  which  will  dissolve  still  more  solute  if  given  a 
chance  is  said  to  be  unsaturated. 

A  solution  which  will  deposit  some  of  the  solute  if  placed  in 
contact  with  a  small  bit  of  the  solute  is  said  to  be  supersaturated. 

Solutions  containing  particles  which  settle  out  on  standing 
are  said  to  be  suspensions.  If  these  particles  are  too  small  to 
settle  yet  are  not  small  enough  to  be  in  actual  solution  they  are 
said  to  be  colloidal.  Colloidal  solutions  give  the  Tyndall  effect 
when  a  beam  of  light  passes  through  them. 

The  general  rule  that  “  like  dissolves  like  ”  holds  fairly  well 
for  the  solubility  of  liquids  in  liquids.  Liquid  pairs  may  be 
classed  as  completely  miscible,  partially  miscible,  or  immiscible, 
depending  upon  their  mutual  solubility. 

The  boiling  points  of  solutions  containing  nonvolatile  sol¬ 
utes  are  higher  than  the  boiling  points  of  the  pure  solvents. 
The  elevation  of  boiling  point  depends  upon  the  relative  num¬ 
bers  of  molecules  of  solute  and  solvent  according  to  the  law 
of  Raoult. 

The  freezing  points  of  solutions  are  lower  than  the  freezing 
points  of  the  pure  solvents  and  this,  too,  depends  upon  the 
relative  numbers  of  solute  and  solvent  molecules.  Advantage  is 
taken  of  this  in  the  use  of  antifreeze  in  automobile  radiators. 

The  elevation  of  boiling  points  and  the  lowering  of  freezing 
points  furnish  a  means  for  the  determination  of  the  molecular 
weights  of  solutes. 

Solutions  exhibit  what  is  called  osmotic  pressure.  Pure  sol¬ 
vent  tends  to  pass  through  a  semipermeable  membrane  into  a 
solution  so  as  to  dilute  it. 


REVIEW  QUESTIONS 

1.  Would  you  consider  the  great  caves  which  exist  in  lime¬ 
stone  formations  to  be  due  to  removal  of  material  by  grinding 
away  or  by  solution?  Remember  that  the  water  flowing  through 
such  caves  is  usually  quite  clear  and  free  from  grit  and  sand. 

2.  Where  do  you  suppose  that  the  bromine  now  contained 
in  sea  water  came  from?  Where  did  the  sea  salt  come  from? 
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3.  How  do  you  account  for  the  fact  that  the  water  flowing 
in  the  lower  Arkansas  River  is  usually  too  salty  to  drink? 

4.  You  have  seen  the  sediment  contained  in  vessels  used  for 
boiling  water.  Where  did  it  come  from? 

5.  What  do  we  mean  by  saying  that  a  solution  is  homo¬ 
geneous? 

6.  How  can  you  increase  the  amount  of  sugar  dissolved  in  a 
given  amount  of  water? 

7.  In  making  candy,  why  is  it  so  necessary  to  use  care  while 
stirring?  Why  does  it  sometimes  turn  to  sugar? 

8.  Ice  cubes  in  a  refrigerator  may  remain  frozen  while  ice 
cream  in  the  same  compartment  may  melt.  Explain. 

9.  The  substance  we  use  as  cream  is  a  colloidal  suspension 
known  as  an  emulsion.  What  are  its  two  chief  components?  Are 
these  liquids  or  solids? 

10.  You  have  probably  seen  a  beam  of  light  passing  through 
a  darkened  room.  Why  does  the  beam  look  smoky  or  full  of  dust? 

11.  Suppose  you  were  to  spill  motor  oil  on  a  garment.  It  is 
made  up  of  molecules  similar  to  C14H30.  Which  of  the  following 
would  you  use  to  remove  it:  water  (HOH),  alcohol  (C2H5OH), 
or  turpentine  (C10H16)?  Why? 

12.  For  what  reason  should  a  bowl  of  goldfish  not  be  placed 
in  direct  sunlight  where  it  will  get  warm? 

13.  Suppose  two  eggs  are  being  boiled;  one  is  in  pure  water  and 
the  other  is  in  water  saturated  with  sugar.  Which  egg  will  get 
the  hotter?  Why? 

14.  Suppose  you  have  two  water  pipes  side  by  side  in  the  wall 
of  a  house.  One  contains  water  which  has  been  boiled  but  is  now 
cooled,  and  the  other  contains  unboiled  water.  Which  should 
freeze  first  as  the  temperature  drops?  Why? 

15.  Which  should  lower  the  freezing  point  of  a  given  amount 
of  water  more:  one  pound  of  methanol  (CH3OH),  or  one  pound 
of  ethylene  glycol  (C2H4(OH)2)? 

16.  One  car  radiator  contains  8000  grams  of  water  and  2000 
grams  of  methanol  while  another  contains  8000  grams  of  water 
and  2000  grams  of  “prestone”  (ethylene  glycol).  Calculate  the 
expected  freezing  point  in  each  case. 

17.  Using  the  density  of  water  as  1,  that  of  methanol  as  0.8,  that 
of  glycerin  as  1.26,  and  that  of  prestone  as  1.1  calculate  the  weight 
of  a  gallon  of  each  of  these  liquids. 
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WATER:  SOLUTIONS  OF  ELECTRO¬ 
LYTES.  IONIZATION 


Abnormal  Solutions.  When  substances  seem  to  behave  in 
accordance  with  some  general  rule,  chemists  at  once  begin  in¬ 
tense  investigation.  Many  years  ago  there  was  much  work 
done  to  see  if  all  solutions  behaved  in  the  manner  just  described 
(Chapter  10).  It  was  found  that  for  a  large  group  of  solutes 
these  principles  hold  rather  rigidly,  but  another  large  group 
behaved  peculiarly  for  the  watching  chemists.  To  the  first 
group  belong  such  substances  as  sugar,  glycerin,  and  glucose, 
while  to  the  second  group  belong  such  substances  as  salt,  acids, 
and  alkalies. 

Electrolytes.  Solutions  of  these  abnormal  substances  in 
water  were  found  invariably  to  conduct  an  applied  electric 
current.  But  solutions  of  those  considered  as  normal  never 
conduct  electricity.  The  molecular  weights  of  these  abnormal 
substances  are  known.  But  when  a  molecular  weight  (in 
grams)  of  one  of  them  is  dissolved  in  1000  grams  of  water,  the 
boiling  point  is  raised  more  than  0.52°  and  the  freezing  point 
is  lowered  more  than  1.86°.  The  osmotic  pressure,  too,  is 
greater  than  it  should  be  in  a  normal  solution.  It  is  quite  inter¬ 
esting  to  add  that  the  extra  raising  of  the  boiling  point,  lower¬ 
ing  of  the  freezing  point,  and  elevation  of  osmotic  pressure 
are  all  relatively  equal.  The  ease  with  which  these  same  solu¬ 
tions  conduct  an  electric  current  is  likewise  proportional  to 
the  extra  elevation  of  the  boiling  point  and  lowering  of  the 
freezing  point. 

Solutions  of  Electrolytes  React  Rapidly.  Those  substances 
whose  water  solutions  conduct  an  electric  current  are  called 
electrolytes,  and  those  whose  solutions  do  not  conduct  a  cur- 
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rent  are  termed  nonelectrolytes.  It  is  electrolytes  we  now 
consider.  If  we  examine  the  chemical  properties  of  solutions 
of  electrolytes  we  find  that  they  take  part  in  chemical  changes 
far  more  rapidly  than  do  the  dry  materials.  Two  substances 
may  be  in  contact  without  any  chemical  reaction  taking  place 
between  them  so  long  as  they  remain  dry,  but,  as  soon  as  they 
are  placed  in  solution,  and  the  solutions  are  mixed,  a  reaction 
takes  place  at  a  rate  which  is  too  rapid  to  be  measured  by  any 
timing  device.  As  you  know,  the  dry  materials  in  baking  pow¬ 
der  stay  unchanged  for  a  long  time  but  the  addition  of  water 
brings  about  an  immediate  formation  of  bubbles.  A  new  stor¬ 
age  battery  for  your  car  may  come  with  dry  chemicals.  It 
does  not  begin  to  supply  energy  to  turn  the  starter  or  to  light 
the  headlights  until  it  has  been  filled  with  distilled  water. 

Behavior  of  Electrolytes  Summarized.  The  general  be¬ 
havior  of  electrolytes  may  be  summed  up  in  three  general 
statements. 

1.  Solutions  of  electrolytes  exhibit  abnormal  elevation  of 
the  boiling  point,  abnormal  lowering  of  the  freezing  point,  and 
abnormal  osmotic  pressure. 

2.  Solutions  of  electrolytes  will  conduct  electricity. 

3.  Electrolytes  in  solution  will  react  together  instantane¬ 
ously  while  nonelectrolytes  react  slowly. 

Theory  of  Ionization.  Explanation  by  Arrhenius.  A 
young  Swedish  student  at  Stockholm,  by  the  name  of  Svante 
Arrhenius,  offered  an  explanation  for  the  above  facts  as  early 
as  1885.  Some  of  his  conclusions  were  incomplete  and  others 
were  wrong.  By  following  his  early  thinking  we  can  begin  to 
understand  his  ideas.  He  thought  that: 

1.  Molecules  of  electrolytes  in  solution  are  split  apart  into 
two  or  more  particles  which  are  electrically  charged. 

2.  These  electrically  charged  particles,  called  ions,  carry 
the  electric  current  through  the  solution. 

3.  Some  of  these  ions  have  a  positive  electrical  charge  and 
others  have  a  negative  charge.  The  total  positive  charge  is 
equal  to  the  total  negative  charge  and  the  solution  as  a  whole 
remains  electrically  neutral. 


AN  EXAMPLE  OF  IONIZATION  139 


4.  The  splitting  apart  of  the  molecules  into  ions  is  not  com¬ 
plete  but  results  in  an  equilibrium  since  the  ions  formed  tend 
to  recombine  to  form  the  original  molecules.  The  amount  of 
this  splitting  apart  depends  upon  the  substance,  the  amount 
of  water  present,  and  the  temperature. 

5.  Chemical  changes  between  electrolytes  in  solution  take 
place  between  these  charged  ions  rather  than  between  mole¬ 
cules.  Such  reactions  between  charged  particles  take  place  in¬ 
stantaneously;  thus  the  rapidity  of  their  union. 

An  Example  of  Ionization.  As  a  practical  example  let  us  mix 
up  a  solution  of  water  and  common  salt,  which  is  sodium 
chloride  (NaCl) .  Dilute  water  solutions  of  this  material  boil 
at  a  higher  temperature  than  would  be  expected  from  the  be¬ 
havior  of  nonelectrolytes.  A  solution  which  contains  1  molec¬ 
ular  weight  (in  grams)  of  salt  in  1000  grams  of  water  would 
be  expected  to  boil  at  100.52°  but  actually  it  boils  at  100.97°. 
The  elevation  of  the  boiling  point  of  the  water  is  0.97°  instead 
of  0.52°  and  is  therefore  1.84  times  as  great  as  expected. 

If  this  same  salt  solution  is  frozen  it  is  found  that  the  freezing 
point  is  — 3.42°  instead  of  — 1.86°  as  would  be  expected  nor¬ 
mally.  Now  3.42°  lowering  is  1.84  times  as  great  as  1.86°.  As 
has  been  explained,  it  is  the  number  of  particles  in  solution 
which  determines  the  elevation  of  the  boiling  point  and  the 
lowering  of  the  freezing  point  and  thus  we  must  conclude  that 
the  salt  solution  contains  about  1.84  times  as  many  particles  as 
would  be  expected  if  it  were  a  normal  instead  of  an  electrolyte 
solution.  A  numerical  example  will  make  this  more  clear.  Sup¬ 
pose  that  we  start  with  100  molecules  of  sodium  chloride  (salt) 
in  solution  and  that  84  of  these  split  to  give  one  sodium  ion  and 
one  chloride  ion.  Thus  each  molecule  (or  particle)  which 
splits  will  produce  two  ions  (particles)  to  take  its  place.  The 
total  number  of  particles  in  solution  will  become  greater  than 
the  original  number  by  the  addition  of  the  84  extra  ions  pro¬ 
duced.  Written  as  an  equation  we  have: 

NaCl  <=►  Na+  +  Cl“ 

Particles  at  the  start  100  0  0 

Particles  after  splitting  16  84  84  =  total  of  184 
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Fig.  31.  Crystal  Form  of  Sodium  Chloride. 


The  solution  just  considered  should  behave  as  though  it 
contains  1.84  times  as  many  particles  as  it  is  supposed  to  con¬ 
tain  if  it  were  normal  in  behavior.  If  such  a  condition  exists 
in  the  salt  solution  whose  boiling  point  and  freezing  point  were 
mentioned  earlier  then  we  may  have  a  logical  explanation  of 
the  facts  observed. 

Crystals  of  Salt  Contain  Ions.  Since  the  time  that  the  ionic 
theory  was  first  proposed  chemists  and  physicists  have  shown 
that  crystals  of  sodium  chloride  actually  contain  sodium  ions 
and  chloride  ions  instead  of  molecules  of  sodium  chloride. 
Thus  in  the  crystal  each  sodium  ion  is  surrounded  by  chloride 
ions  and  each  chloride  ion  is  surrounded  by  sodium  ions.  The 
fact  that  this  is  the  case  has  caused  some  to  wonder  if  sodium 
chloride  molecules  ever  exist  as  anything  other  than  a  mixture 
of  the  charged  ions  resulting  from  the  splitting  of  the  mole¬ 
cules. 

Theory  of  Complete  Dissociation.  Within  the  past  few 
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years  the  theory  of  complete  dissociation  of  electrolytes  has 
been  proposed  and  it  is  now  generally  accepted.  It  differs  from 
the  original  ionic  theory  in  that  it  assumes  all  electrolytes  like 
salt  to  be  completely  ionized  when  in  solution.  We  may  then 
cite  the  fact  that  the  salt  solution  previously  considered  boiled 
at  1.84  times  as  high  as  expected  instead  of  twice  as  high.  This 
is  explained  by  proposing  that  these  electrically  charged  par¬ 
ticles  influence  one  another  and  that  there  is  a  certain  tendency 
for  them  to  herd  together  so  that  they  act  as  if  they  were  only 
partially  ionized.  Now  it  is  known  that  there  is  a  force  of 
attraction  between  positive  and  negative  electricity.  If  a  posi¬ 
tively  charged  particle  is  present  among  negatively  charged 
particles  one  would  expect  an  attraction  to  exist  between  the 
positive  charges  and  several  negative  charges.  The  same  may  be 
said  for  a  negative  charge  among  positive  charges.  The  whole 
group  of  attracted  particles  may  to  some  extent  act  as  a  unit 
and  thus  we  get  only  the  effect  of  partial  dissociation  instead 
of  complete  splitting  into  ions. 

Naturally  this  effect  of  attraction  would  be  expected  to  be 
greater  in  concentrated  solutions  than  in  dilute  solutions  simply 
because  there  are  more  particles  in  a  small  space  and  thus  the 
electrical  charges  are  closer  together.  As  a  matter  of  fact  this 
is  the  case  and  in  very  dilute  solutions  we  get  the  effect  of 
complete  ionization  just  because  the  charged  particles  are  too 
far  apart  to  attract  each  other. 

Acids,  Bases,  and  Salts.  According  to  the  theory  of  ioniza¬ 
tion  the  reactions  of  electrolytes  in  solution  take  place  between 
ions.  In  order  to  understand  just  what  these  reactions  may  be 
we  need  to  know  something  about  what  ions  may  be  present  in 
a  given  solution. 

Lavoisier  probably  was  one  of  the  first  chemists  to  study  the 
effect  of  water  upon  various  substances.  You  may  recall  that 
he  has  been  given  credit  for  work  on  oxidation  and  combustion 
and  that  during  the  course  of  his  work  he  observed  the  combi¬ 
nation  of  most  of  the  then  known  elements  with  oxygen.  In 
many  cases  the  products  from  this  union  (called  oxides)  would 
dissolve  if  he  put  them  in  water.  The  water  solutions  in  some 
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cases  took  on  a  sharp  taste  together  with  other  properties 
which  are  common  to  things  we  call  acids,  while  in  other  cases 
certain  properties  characteristic  of  alkalies  were  noted.  He 
classified  the  elements  into  two  classes  as  a  result  of  this. 
( 1 )  Those  elements  whose  oxides  in  water  produced  alkaline 
solutions  he  called  metals  and  ( 2 )  those  elements  whose  oxides 
in  water  produced  acid  solutions  he  called  nonmetals.  This 
classification  of  his  has  held  to  the  present  day. 

Acids.  The  question  of  what  gives  the  acid  properties  to 
certain  substances  puzzled  Lavoisier.  He  thought  it  to  be  the 
element  oxygen.  Because  he  thought  this  he  gave  this  element 
its  name  which  means  “  former  of  acids.”  However,  since  his 
time  it  has  been  found  that  many  substances  containing  no 
oxygen  are  also  acids.  Further  studies  and  experiments  have 
shown  hydrogen  to  be  the  one  essential  element  in  all  acids. 
They  have  revealed,  too,  that  hydrogen  ions  bestow  acidic 
properties  upon  any  solution.  Thus  an  oxide  which  gives  an 
acid  in  water  solution  does  so  because  it  reacts  chemically  with 
the  water  to  form  a  new  compound  which  in  turn  ionizes  to 
give  hydrogen  ions.  For  instance,  carbon  dioxide  reacts  with 
water  to  give  carbonic  acid  which  makes  the  bubbly  gas  in 
your  soda  water  and  pop.  The  chemical  equation  for  this  is 
written  as: 

co2  +  h2o  ->  h2co3 

H2C03  H+  +  HCOr 

That  acids  contain  hydrogen  may  easily  be  shown  by  plac¬ 
ing  a  piece  of  zinc  or  magnesium  in  an  acid  solution.  The  metal 
is  dissolved  rapidly  and  a  stream  of  hydrogen  gas  bubbles  out 
at  the  same  time.  Thus  we  say  that  the  hydrogen  is  replaced  by 
the  zinc  or  magnesium.  An  iron  nail  will  slowly  dissolve  in 
vinegar  and  hydrogen  will  be  liberated  in  similar  fashion. 

Further  proof  of  the  presence  of  hydrogen  ions  in  acid  solu¬ 
tions  is  obtained  by  passing  an  electric  current  from  a  battery 
through  them.  In  every  case  hydrogen  is  liberated  at  the  nega¬ 
tive  terminal  (electrode)  in  the  solution.  This  shows  that  the 
acid  hydrogen  atom  in  solution  is  charged  with  the  kind  of 
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electricity  which  we  call  positive  (  +  )  and  is  therefore  at¬ 
tracted  to  the  negative  electrode. 

Acids  Defined.  Since  it  has  been  definitely  established  that 
acids  are  acids  because  of  the  charged  hydrogen  atoms  which 
they  give  in  solution  we  may  use  this  in  our  definition.  This 
particle  of  matter,  called  the  hydrogen  ion,  which  bears  a 
single  charge  of  positive  electricity  is  called  a  proton.  We  may 
then  say  that  an  acid  is  anything  which  gives  hydrogen  ions 
(protons)  when  in  solution.  There  seems  to  be  no  real  reason 
for  limiting  ourselves  to  solutions  and  thus  we  may  include 
all  things  which  are  able  to  supply  protons  under  any  condi¬ 
tions.  An  acid  is  a  substance  which  can  furnish  protons. 

Bases.  Now  let  us  turn  our  attention  to  that  other  class  of 
substances,  the  alkalies,  which  result  when  metal  oxides  dis¬ 
solve  in  water.  After  considerable  experimentation  it  has  been 
determined  that  these  alkaline  substances  are  all  alike  in  that 
they  contain  oxygen  and  hydrogen  linked  together  in  what 
we  term  the  hydroxyl  group.  Let  us  write  the  reaction  equa¬ 
tions  for  the  formation  of  a  few  of  these  alkalies  (bases)  from 
the  metal  oxides. 

CaO  (calcium  oxide)  4-  HOH  — »  Ca(OH)2  (calcium  hydroxide) 
Na20  (sodium  oxide)  +  HOH  — »  2  NaOH  (sodium  hydroxide) 

Each  of  these  hydroxides  is  alkaline  in  solution.  They  feel  slick 
to  the  touch,  have  a  caustic  action,  and  change  the  color  of 
red  litmus  paper  to  blue.  These  two  given  above  are  in  com¬ 
mon  use.  Calcium  hydroxide  is  ordinary  hydrated  lime.  It  is 
used  in  the  manufacture  of  paper,  in  mortar,  and  in  plaster. 
Sodium  hydroxide  is  called  caustic  soda.  It  is  used  in  petroleum 
refining,  in  paper  making,  and  in  soap  manufacture.  The  caustic 
properties  are  thought  to  be  due  to  the  hydroxyl  ions  which 
they  give  in  water  solutions.  We  may  write  the  reactions  of 
ionization  using  customary  equations. 

Ca(OH)2  Ca"^  4-  2  OH~  (hydroxyl  ions) 

NaOH  Na+  4-  OH~ 

For  the  present  then  we  will  say  that  all  substances  which  give 
hydroxyl  ions  in  solution  are  bases. 
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Neutralization  of  Acids  by  Bases.  Most  of  us  know  that 
acids  and  bases  will  neutralize  each  other.  Before  taking  a  used 
battery  from  a  car  the  mechanic  will  usually  wash  it  off  with 
a  dilute  alkali  solution.  If  you  get  caustic  on  your  skin  at  home 
you  will  be  urged  to  bathe  the  affected  spot  with  vinegar  or 
boric  acid.  In  the  presence  of  each  other  the  acid  and  alkali 
seem  to  lose  their  characteristic  properties.  Let  us  write  the 
equations  which  show  the  change  which  takes  place.  We  shall 
use  hydrochloric  acid  and  sodium  hydroxide  as  suitable  ex¬ 
amples.  Hydrochloric  acid  ionizes  in  water  to  produce  hydro¬ 
gen  ions  and  chloride  ions.  Sodium  hydroxide  ionizes  in  water 
to  produce  sodium  ions  and  hydroxide  ions  (hydroxyl  ions). 

NaOH  ±=»  Na+  4-  OH- 
HC1  <=>  Cl-  4-  H+ 

Upon  mixing  solutions  of  these  two  substances  there  is  a  large 
amount  of  heat  given  off  (13,700  calories  for  each  molecular 
weight  of  NaOH) .  If  we  drive  off  the  water  which  is  present 
we  find  nothing  left  but  common  salt  (NaCl) . 

To  explain  the  facts  involved  it  seems  best  to  assume  that 
everything  which  can  happen  will  happen.  When  the  two 
solutions  are  mixed  we  may  expect  that  any  positively  charged 
ion  may  react  with  any  negatively  charged  ion  without  prefer¬ 
ence.  If  Na+  reacts  with  OH-  we  will  get  NaOH  which  will 
again  ionize  to  form  Na+  and  OH-.  Also  if  H+  reacts  with  Cl- 
we  will  get  HC1  which  will  again  ionize  to  form  H+  and  Cl-.  If 
Na+  reacts  with  Cl-  we  will  get  NaCl  which  will  ionize  to 
form  Na+  and  Cl-.  If  H+  reacts  with  OH-  we  will  get  HOH 
(usually  written  H20)  and  this  substance  has  been  found  not 
to  ionize  to  any  appreciable  extent.  When  once  formed,  the 
water  molecule  stays  together.  We  shall  write  all  of  these  pos¬ 
sibilities  as  equations  with  arrows  to  show  the  directions  the 
changes  may  go. 

NaOH  ±5  Na+  +  OH- 
HC1  ±?  Cl-  4-  H+ 

ir  i 

NaCl  H20 
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Careful  measurements  have  shown  that  when  once  OH-  and 
H+  get  together  they  tend  to  stay  together.  While  NaCl  is 
completely  ionized  in  water  solution,  it  must  be  noted  that 
water  itself  has  only  one  molecule  out  of  some  ten  million 
which  is  split  into  the  ions  H+  and  OH-  at  any  one  time.  Thus 
it  is  that  the  result  of  adding  HC1  to  NaOH  is  the  production 
of  water  together  with  the  ions  from  common  salt.  If  the  water 
is  removed  by  evaporation  the  salt  separates  out  as  crystals. 
The  only  change  which  occurred  during  the  neutralization 
was  the  union  of  hydrogen  ions  with  hydroxyl  ions.  The  heat 
evolved  was  due  to  this  union.  Neutralization  may  be  defined 
as  the  union  of  hydrogen  ions  from  an  acid  with  hydroxyl  ions 
from  a  base. 

Definition  of  a  Base.  In  the  light  of  the  discussion  just  given 
it  seems  best  to  give  a  full  definition  of  a  base  in  terms  of  what 
it  will  do  chemically.  We  have  seen  that  some  bases  contain 
hydroxyl  groups  which  will  ionize.  The  hydroxyl  groups 
which  do  ionize  will  combine  with  hydrogen  ions  (protons). 
We  then  may  define  a  base  as  anything  which  will  react  with 
protons. 

Neutralization  Indicators.  If  we  examine  pure  water  we 
will  find  that  it  is  neither  an  acid  nor  a  base.  It  is  neutral.  Let 
us  write  the  equation  for  its  ionization. 

HOH  ±=>  H+  +  OH- 

From  this  we  see  that  even  though  water  does  ionize  to  a  very 
slight  extent  yet  it  produces  equal  numbers  of  hydrogen  ions 
and  hydroxyl  ions.  Thus  neither  can  be  in  excess  and  the 
liquid  is  neutral. 

There  are  many  dyes  and  other  colored  materials  which 
have  certain  colors  in  pure  water  and  different  colors  in  acids 
or  still  different  colors  in  basic  solutions.  If  one  wishes  to  test 
a  solution  to  see  if  it  is  acid,  it  is  only  necessary  to  dip  a  strip 
of  paper,  impregnated  with  the  dye,  into  the  solution.  Many 
of  us  have  tried  the  effect  of  saliva  on  litmus  paper  held  within 
our  mouths.  If  litmus  turns  blue  it  indicates  alkali  and  if  it 
turns  pink  it  indicates  acid.  It  is  very  convenient  to  use  such  a 
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material  to  indicate  when  you  have  added  enough  acid  to  neu¬ 
tralize  a  base.  Industrially,  these  indicators  are  used  consider¬ 
ably.  They  are  known  as  neutralization  indicators.  There  are  a 
great  many  of  them  and  most  of  them  fail  to  show  the  exact 
neutral  point  but  they  can  be  depended  on  to  show  the  same 
condition  every  time  and  hence  are  useful. 

Salts.  We  have  defined  acids  and  bases  but  there  still  re¬ 
mains  a  large  group  of  substances  which  dissolve  in  water,  to 
a  greater  or  less  extent,  with  the  formation  of  ions  other  than 
H+  or  OH-.  Sodium  chloride  is  typical  of  these.  This  sub¬ 
stance  in  solution  gives  the  negatively  charged  ions  which 
came  originally  from  the  acid,  and  the  positively  charged  ions 
which  came  originally  from  the  base. 

NaCl  ±5  Na+  (from  NaOH)  +  Cl-  (from  HC1) 

Such  substances  which  give  the  positive  ion  of  a  base  and  the 
negative  ion  of  an  acid  are  collectively  called  salts.  Thus  NaCl 
is  called  common  salt  but  it  is  only  one  of  a  large  number  of 
salts. 

We  have  used  examples  of  other  salts  in  previous  discussions. 

FeS04  Fe++  (from  Fe(OH)2)  +  S04“ 

(from  H2S04,  sulfuric  acid) 

ZnCl2  ^=>  Zn++  (from  Zn(OH)2)  +  2  Cl-  (from  HC1) 

Na2C03  *=>  2Na+  (from  NaOH)  +  C03~ 

(from  H2C03,  carbonic  acid) 

We  now  assume  that  all  of  a  salt  which  is  in  solution  is  com¬ 
pletely  ionized. 

Some  Ions  Combine  with  Water.  We  are  familiar  with  the 
fact  that  we  can  dissolve  salt  in  water,  then  evaporate  the 
water  and  get  the  salt  back.  There  seems  to  be  no  other  change. 
Experience  has  taught  us,  however,  that  molecules,  or  par¬ 
ticles,  which  are  different  from  either  the  water  or  the  dis¬ 
solved  substance  may  exist  in  solutions.  Ammonia  is  a  gas  and 
neither  it  nor  water  have  any  effect  upon  the  color  of  litmus 
paper.  If  the  two  substances  are  placed  together  the  resulting 
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solution  has  the  properties  of  a  base  in  water.  The  ammonia 
solution  causes  red  litmus  to  turn  blue  indicating  that  ammo¬ 
nium  hydroxide  has  been  formed. 

NH3  +  H20  NH4OH  (ammonium  hydroxide)  ±=>  NH4+  +  OH- 

We  can  boil  this  solution  and  get  back  the  ammonia,  indicating 
that  the  ammonium  hydroxide  is  an  unstable  compound. 

Hydrogen  chloride  is  a  gas  which  has  no  effect  upon  litmus 
paper  in  the  absence  of  water.  When  the  gas  is  dissolved  in 
water  there  is  the  evolution  of  considerable  heat.  This  you  re¬ 
member  is  an  indication  of  a  chemical  change.  The  resulting 
solution  is  a  strong  acid  but  we  can  get  no  special  compound 
out  of  it  which  indicates  that  it  has  reacted  with  the  water. 
There  are  many  reasons  for  assuming  that  water  does  react 
with  hydrogen  chloride,  however.  The  generally  accepted  re¬ 
action  is  one  of  hydration  of  the  proton  from  the  hydrogen 
chloride. 

HC1  +  H20  Cl“  +  (HsO+)  ( hydronium  ion) 

This  hydronium  ion  is  nothing  more  than  a  hydrogen  ion  in 
combination  with  a  molecule  of  water. 

H+  +  H20  ±=>  (H30+) 

We  assume  that  this  hydronium  ion  can  give  up  protons  and 
therefore  act  as  an  acid. 

Copper  sulfate  is  a  white  substance  with  the  formula  C11SO4. 
When  placed  in  water  it  gives  a  pale  blue  solution.  If  the  water 
is  evaporated  we  obtain  crystals  having  the  deep  blue  color 
of  the  substance  we  know  as  “  bluestone.”  By  means  of  analysis 
the  formula  for  these  crystals  has  been  found  to  be  CuS04 
(5H20).  For  each  molecule  of  copper  sulfate  there  are  five 
molecules  of  water.  This  water  may  be  removed  by  heating 
the  crystals  to  200°  C.  for  a  few  hours  and  the  original  copper 
sulfate  obtained. 

When  sodium  hydroxide  is  placed  in  water  it  causes  the  evo¬ 
lution  of  enough  heat  to  boil  the  water.  The  resulting  solution 
gives  no  indication  of  the  presence  of  any  new  substance.  We 
can  only  assume  the  occurrence  of  some  sort  of  reaction  be- 
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tween  the  ions  from  the  sodium  hydroxide  and  the  molecules 
of  water.  The  heat  evolved  surely  indicates  such  a  change. 

Sulfuric  acid  dissolves  in  water  with  the  liberation  of  much 
heat.  Unless  great  care  is  used  in  mixing  these  substances  the 
solution  is  apt  to  boil  suddenly  with  the  production  of  steam 
which  throws  out  some  of  the  acid.  There  is  evidence  for  the 
formation  of  a  definite  compound  H2S04(2H20). 

Heat  Changes  Accompany  Ionic  Reactions.  There  is 
every  reason  to  assume  that  heat  changes  occur  when  ions  re¬ 
act.  The  heat  effects  noted  in  the  previous  section  furnish  evi¬ 
dence  for  this.  Let  us  return  to  the  neutralization  of  an  acid  by 
a  base  and  write  a  few  of  the  equations.  We  shall  assume  the 
acids  and  the  bases  to  be  completely  ionized  and  shall  write  the 
ions  separately. 

Na++OH-+H++Cl-->Na+H-  Cl“ +H20+ 13,700  calories 
K++OH-+H++Cr-->K++Cl-+H20+ 13,700  calories 
2Na++  20H-+2H+-hS04— ->2Na++S04— +2H20+27,400  calories 

It  will  be  noticed  that  for  every  molecular  weight  of  water 
formed  from  the  ions,  H+  and  OH-,  there  is  the  evolution  of 
13,700  calories  of  heat.  This  results  from  the  union  of  the  two 
ions.  The  ions  of  the  salts  formed  stay  in  the  ionic  condition 
and  contribute  no  heat. 

Since  the  union  of  ions  produces  the  evolution  of  heat  it 
seems  safe  to  assume  that  the  separation  of  ions  involves  the 
absorption  of  heat.  If  we  place  a  substance  in  water,  and  as  a 
result  it  splits  apart  into  ions,  we  should  expect  a  cooling  effect. 
This  is  frequently  noticed.  Many  times,  however,  the  resulting 
solution  gets  warm,  as  has  been  noted.  This  is  explained  by 
assuming  that  the  ions  formed  react  with  the  water  molecules 
to  form  hydrates.  Using  HC1  as  an  example  we  may  write  an 
equation. 

HC1  (un-ionized)  -f  H20  Cl"  +  (HsO)"1"  +  heat 

The  heat  which  is  evolved  is  only  the  difference  between  that 
required  to  ionize  the  HC1  and  that  liberated  by  the  union  of 
H+  and  H20  to  form  (H30)+. 
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Freezing  Mixtures.  When  you  buy  ice  cream  for  a  picnic 
you  may  expect  to  keep  it  for  some  time  before  serving  it.  If 
the  one  who  packs  it  does  not  have  dry  ice  he  will  use  a  mix¬ 
ture  of  ice  and  salt  to  keep  it  cold.  Possibly  you  prefer  to  freeze 
your  own.  In  this  case  you  may  produce  the  freezing  with  a 
mixture  of  salt  and  ice. 

It  has  been  pointed  out  that  a  solution  freezes  at  a  lower 
temperature  than  does  the  pure  solvent.  If  we  place  salt  on 
ice  it  produces  a  little  of  a  salt  solution  with  the  water  which  is 
present  on  the  surface  of  the  ice.  We  then  have  a  salt  solution 
in  contact  with  ice.  Ice  and  water  can  exist  together  at  0°  C. 
without  either  of  them  changing,  but  if  salt  is  present  in  the 
water  the  mixture  must  be  much  colder  if  the  ice  and  solution 
are  to  remain  together  without  changing.  The  ice  begins  to 
melt  and  passes  into  the  salt  solution.  Now  you  may  remember 
that  to  melt  a  gram  of  ice  requires  79  calories  of  heat.  The  melt¬ 
ing  process  which  takes  place  absorbs  heat  wherever  it  may 
and  as  a  result  the  ice  cream  mixture  is  cooled.  Most  any  other 
salt  may  be  used  unless  it  reacts  with  water  with  the  production 
of  heat. 


SUMMARY 

Solutions  of  electrolytes  possess  properties  which  are  not  ex¬ 
hibited  by  solutions  of  nonelectrolytes.  Such  solutions  freeze 
abnormally  low,  boil  abnormally  high,  have  abnormally  high 
osmotic  pressure,  conduct  an  electric  current,  and  give  in¬ 
stantaneous  chemical  reactions. 

Arrhenius  proposed  that  electrolytes  in  solution  are  ionized 
to  give  particles  bearing  electric  charges;  some  positive  and 
some  negative.  The  abnormal  properties  of  these  solutions  are 
due  to  the  abnormal  number  of  these  particles  and  to  their 
electrical  charges. 

On  the  basis  of  crystal  structure  and  other  evidence  it  is 
assumed  that  certain  electrolytes  are  completely  ionized  even 
in  the  crystal  form.  Electrolytes  in  solution  sometimes  appear 
not  to  be  completely  ionized  due  to  the  herding  together  of 
the  charged  particles  by  reason  of  their  charges. 
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Acids  are  substances  which  are  able  to  furnish  protons. 

Bases  are  substances  which  are  able  to  unite  with  protons. 

The  neutralization  of  an  acid  by  a  base  is  essentially  due  to 
the  union  of  protons  from  the  acid  with  hydroxyl  ions  from 
the  base  with  the  formation  of  molecules  of  water  which  are 
not  ionized.  The  other  product  of  a  neutralization  is  a  salt. 

Some  ions  react  with  water,  with  the  evolution  of  heat,  to 
form  hydrates.  The  water  of  hydrates  may  usually  be  driven 
off  by  heating  them. 

When  ions  react  with  other  ions  a  heat  change  occurs. 

When  electrolytes  are  placed  in  water  there  is  usually  a 
heat  change  which  may  be  a  loss  or  a  gain.  It  represents  the 
difference  between  the  heat  of  hydration  of  the  ions  and  the 
heat  required  to  cause  solution  and  ionization. 

REVIEW  QUESTIONS 

1.  Why  are  certain  substances  called  electrolytes? 

2.  For  what  reasons  do  we  say  that  solutions  of  electrolytes  are 
abnormal? 

3.  Summarize  the  theory  of  ionization.  In  what  ways  does  this 
account  for  the  abnormalities  of  solutions  containing  electrolytes? 

4.  What  appears  to  determine  the  amount  of  freezing  point 
lowering  produced  on  a  solvent  by  a  solute? 

5.  Why  do  electrolytes  in  concentrated  solutions  appear  to  be 
less  ionized  than  in  dilute  solutions? 

6.  Define:  acids,  bases,  salts. 

7.  How  may  you  demonstrate  the  presence  of  hydrogen  in 
acids? 

8.  Upon,  what  was  the  original  classification  of  metals  and 
nonmetals  based? 

9.  What  essential  change  occurs  during  neutralization? 

10.  Why  is  pure  water  neither  acidic  nor  basic? 

1 1 .  Give  some  evidence  that  ions  may  combine  with  water. 

1 2.  Are  the  unions  of  ions  with  water  chemical  or  physical?  Are 
these  unions  difficult  to  break  down? 

13.  What  name  is  given  to  the  substances  formed  by  the  union 
of  ions  with  water? 

14.  Why  does  a  mixture  of  salt  and  ice  get  cold? 
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15.  Suggest  an  easy  method  for  the  removal  of  ice  from  a  door¬ 
step  or  walk. 

16.  What  is  the  connection  between  the  freezing  of  ice  cream 
and  the  melting  of  the  ice  which  surrounds  it? 
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The  preceding  discussions  have  emphasized  how  important  a 
part  water  plays  in  chemical  changes,  but  to  many  this  type 
of  importance  seems  to  be  secondary.  Actually,  there  is  no 
chemical  substance  of  greater  economic  value,  nor  of  greater 
importance  to  life  than  is  water.  Modern  city  life  demands  that 
a  suitable  supply  of  this  liquid  be  available  at  all  times  for 
human,  animal,  and  plant  drinking,  for  washing,  for  sewage 
disposal  and  for  a  thousand  other  uses.  To  make  it  available 
there  are  untold  millions  of  dollars  invested  in  water  supply 
equipment  all  over  the  world.  To  read  the  figures  which  give 
the  quantity  of  water  consumed  each  day  in  a  large  city  causes 
us  to  wonder  how  so  much  can  possibly  be  used. 

Requirements  for  Water  Supply.  Regardless  of  the  source 
from  which  a  water  supply  is  obtained  —  whether  from  lakes, 
running  streams,  deep  artesian  wells,  or  storage  cisterns  —  there 
are  certain  requirements  which  must  be  met  by  the  water 
which  is  delivered  to  the  consumer.  The  water  so  delivered 
must  have  a  clear,  sparkling  appearance  and  be  free  from  color 
or  objectionable  odor.  It  should  taste  good,  be  safe  to  drink, 
and  be  free  from  poisonous  chemicals  or  disease  bacteria.  For 
most  cities  the  water  should  be  suitable  for  use  in  steam  boil¬ 
ers.  Of  course,  we  may  put  our  own  individual  values  upon 
these  requirements,  but  it  is  the  public  duty  of  a  water  com¬ 
pany  to  supply  water  fit  for  human  consumption.  And  if  the 
other  things  such  as  clarity  and  tastiness  are  possible  to  attain 
the  water  becomes  that  much  better. 

What  Constitutes  Good  Water.  In  order  to  determine  what 
constitutes  good  water  we  must  consider  several  factors.  Water 
which  has  been  in  contact  with  the  soil  is  sure  to  contain 
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chemical  substances  dissolved  from  the  soil.  Thus  the  nature  of 
the  water  will  largely  be  determined  by  the  chemical  makeup 
of  the  soil  in  any  particular  locality.  Some  water  sources  may 
contain  enough  common  salt  to  render  them  unfit  for  human 
consumption.  But  such  unfitness  is  a  matter  of  how  the  taste 
affects  the  tongue  and  the  emotions  rather  than  any  really  ill 
effects  upon  our  bodies  and  our  health.  On  the  other  hand 
there  are  many  things  which  may  be  present  in  amounts  too 
small  to  detect  by  taste  and  yet  render  the  water  mildly  poison¬ 
ous  or  productive  of  sometimes  fatal  disease.  Or  again,  certain 
chemicals  may  neither  poison  nor  make  us  ill  but  have  an  un¬ 
wanted  effect.  It  now  seems  fairly  certain  that  continued  use 
of  drinking  water  which  contains  sodium  fluoride  will  cause 
a  child  to  have  darkened  permanent  teeth  at  a  later  date.  The 
presence  of  this  substance  in  their  source  of  supply  is  causing 
some  towns  to  consider  other  water  sources  to  meet  their 
needs. 

The  most  important  ill  result  of  bad  water  is  that  it  carries 
disease.  Experience  has  shown  that  there  are  three  main  types 
of  disease  which  may  be  carried  by  water.  These  are  ( 1 )  ty¬ 
phoid  fever,  (2)  some  types  of  dysentery,  and  (3)  Asiatic 
cholera.  For  years  this  silent  carrier  of  typhoid  fever  has  been 
a  major  factor  in  human  life  all  over  the  world.  During  the 
“  Century  of  Progress  ”  fair  in  Chicago  an  outbreak  of  amoebic 
dysentery  caused  by  sewage  getting  into  drinking  water  dem¬ 
onstrated  the  dangers  that  can  strike  through  the  water  supply 
even  in  our  more  or  less  efficient  modern  American  civiliza¬ 
tion.  History  is  filled  with  the  ravages  of  cholera  spread  in 
the  same  way  through  the  Orient. 

The  Purification  of  Water.  Many  cities  must  depend  on  a 
river  for  their  source  of  supply,  but  some  are  fortunate  enough 
to  have  access  to  a  lake  or  to  deep  wells.  The  most  desirable 
situation  is  one  in  which  the  water  comes  from  mountains 
which  are  far  removed  from  points  of  contamination.  But  such 
conditions  are  hard  to  find,  and  no  city  dares  to  depend  upon 
the  natural  and  unguarded  purity  of  such  water  even  if  they 
have  it.  Ordinarily  a  city  finds  itself  forced  by  geography  or 
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costs  to  use  the  water  nearest  at  hand.  When  the  mineral  con¬ 
tent  is  too  great  and  it  cannot  be  removed  satisfactorily,  or  the 
cost  of  removal  is  greater  than  that  of  bringing  in  a  supply  of 
purer  water  from  a  great  distance  the  source  of  supply  may  be 
changed.  Usually,  however,  the  source  of  supply  is  found  to 
be  polluted,  but  methods  of  treatment  make  possible  the  re¬ 
moval  of  harmful  germs.  Whenever  a  river  supply  is  used 
there  is  the  almost  ever  present  fact  that  the  same  river  has 


served  to  wash  away  the  waste  from  some  city  farther  up  the 
stream. 

The  general  treatment  given  to  ordinary  water  supplies  is 
more  or  less  the  same  all  over  the  world.  If  necessary,  the  water 
is  first  run  into  a  large  basin  or  reservoir  where  the  dirt  settles  to 
the  bottom  during  the  course  of  a  few  hours  or  a  few  days 
depending  upon  how  much  and  what  kinds  of  dirt  are  present. 
Considerable  colloidal  matter,  bacteria,  color,  and  odor  may 
still  persist.  Further  standing  will  have  little  effect  upon  these 
things.  The  partly  clarified  water  may  then  be  ready  for  filtra¬ 
tion.  But  to  remove  properly  enough  of  the  suspended  matter 
would  require  thick  filters  and  such  a  long  time  for  the  water 
to  seep  through  that  large  amounts  of  it  could  be  supplied  only 
with  difficulty.  However,  if  the  water  is  treated  with  alum  it 
forms  a  flocculent  (feathery)  precipitate  which  carries  most 
of  the  dirt  and  most  of  the  bacteria  to  the  bottom  with  it 
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leaving  comparatively  pure  water  towards  the  top.  The  alum 
which  furnishes  the  aluminum  ion  (Al+++)  reacts  with  the 
(OH-)  ions  of  the  water  to  produce  a  white  gelatinous  sub¬ 
stance,  aluminum  hydroxide.  The  chemical  reaction  is  written: 

A1+++  +  30H-  ->  A1(0H)3 

If  the  water  does  not  contain  enough  of  the  (OH-)  to  produce 
the  precipitate  it  may  be  made  to  do  so  by  the  addition  of  lime 
which  is  calcium  hydroxide  Ca(OH)2. 

After  permitting  most  of  the  aluminum  hydroxide  to  settle 
out,  the  water  is  run  onto  and  down  through  a  rapid  sand  filter 
which  consists  of  about  twenty  inches  of  fine  sand  supported 
on  a  like  amount  of  graded  gravel.  The  remaining  flocculent 
material  forms  a  very  efficient  coating  on  the  sand  to  trap 
further  dirt  and  germs.  Water  so  filtered  is  remarkably  clear 
and  free  of  most  of  the  bacteria.  As  the  filters  become  dirty 
they  are  washed  by  forcing  clear  water  through  them  from 
below  and  then  draining  the  dirt  to  the  sewer. 

In  order  to  free  this  clarified  water  of  all  remaining  bacteria, 
it  is  treated  with  chlorine  gas  or  other  suitable  germicides. 
Most  water  supply  plants  use  chlorine,  either  alone  or  mixed 
with  ammonia  which  seems  to  permit  higher  concentration  of 
chlorine  without  making  the  water  unpleasant  to  taste  and 
permits  the  action  of  the  chlorine  to  persist  even  in  the  mains. 
The  chlorine  reacts  with  the  organic  matter  present  and  con¬ 
verts  it  to  harmless  material.  Since  the  amount  of  organic  ma¬ 
terial  in  the  water  may  vary  from  day  to  day,  it  is  very  neces¬ 
sary  that  a  constant  check  be  made  in  order  that  sufficient 
chlorine  may  always  be  added  to  destroy  all  bacteria.  Since 
we  began  to  use  chlorine  to  purify  our  water  in  this  country, 
the  death  rate  from  typhoid  fever  has  dropped  markedly,  and 
some  of  our  large  cities  can  point  to  several  years  with  no 
typhoid  deaths  at  all. 

Certain  sections  of  the  country  experience  much  trouble 
with  unpleasant  tastes  and  odors  in  the  water.  For  years  the 
removal  of  these  has  been  difficult.  Frequently  the  smell  has 
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been  partially  removed  by  spraying  the  water  in  the  air,  but 
this  treatment  is  not  always  satisfactory.  Within  the  past  few 
years  “  activated  ”  charcoal  has  been  used  in  large  amounts 
to  remove  both  color  and  odor.  Its  use  has  been  highly  suc¬ 
cessful.  It  is  added  to  the  water  before  filtration  and  is  re¬ 
moved  along  with  the  absorbed  color  and  odor  by  the  subse¬ 
quent  filtration  process.  This  charcoal  is  made  from  wood  by 
a  special  process  and  is  ground  to  a  small  size.  If  one  of  the 
small  pieces  is  magnified  it  resembles  a  sponge  in  appearance 
and  presents  an  extremely  large  surface.  Colors  and  odors  are 
adsorbed  (stick  to)  on  this  surface  and  are  thus  removed  from 
the  water.  This  is  much  like  the  similar  use  of  charcoal  to  filter 
air  in  the  use  of  gas  masks. 

Hardness.  Water  which  contains  soluble  compounds  of 
calcium  and  magnesium  is  called  hard  water.  The  term  hard¬ 
ness  refers  to  the  effect  which  such  substances  have  upon  soap. 
Soap  is  the  sodium  salt  of  certain  organic  acids  which  are 
obtained  from  fats.  The  property  of  producing  a  lather  is 
limited  to  a  few  such  substances.  It  so  happens  that  the  potas¬ 
sium  salts  of  these  same  acids  are  also  soaps  which  will  pro¬ 
duce  a  lather.  However,  if  certain  other  metal  ions  are  sub¬ 
stituted  for  the  sodium  in  soap,  the  salt  so  formed  is  not  soluble 
in  water  and  possesses  none  of  the  properties  usually  associated 
with  soap.  Thus  if  a  sodium  soap  is  added  to  water  which 
contains  calcium  ions,  the  soap  is  removed  by  the  formation  of 
an  insoluble  calcium  compound;  which  sometimes  explains  the 
ring  on  the  bathtub.  It  is  only  after  the  complete  removal  of 
the  calcium  ions  that  a  lather  may  be  produced. 

In  order  to  make  this  more  clear  we  may  write  the  chemical 
equations.  Soap  may  be  assumed  to  be  sodium  oleate  (Ci8H33 
02Na)  and  since  it  is  a  salt  it  will  be  ionized  in  water  solution 
as  follows: 

Ci8H3302Na  ^=5  C18H33O2  +  Na+ 


Since  calcium  chloride  is  also  a  salt  it  too  will  be  ionized. 


CaCl2  ±=>  Ca++  +  20“ 
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The  two  of  these  present  in  the  same  solution  will  react  in 
every  way  possible.  But  since  calcium  oleate  is  insoluble  this 
substance  will  be  formed  in  preference  to  anything  else. 

2Ci8H3302Na  2Ci8H3302-  +  2Na+ 

CaCl2  ±=>  Ca++  +  2C1“ 

i  IT 

(Ci8H33Q2)2Ca  2NaCl 
insoluble 

Thus  one  may  see  that  soap  is  used  up  in  the  removal  of  cal¬ 
cium  ions  from  the  water  and  after  the  complete  removal  of 
such  ions  additional  soap  will  produce  a  lather.  Similar  re¬ 
sults  are  obtained  from  any  calcium  or  magnesium  compound 
which  may  be  dissolved  in  the  water. 

There  are  also  other  disadvantages  of  hard  water.  Steam 
boilers  filled  with  such  water  give  a  great  amount  of  trouble. 
During  the  early  days  the  railroad  engines  crossing  the  mid- 
western  plains  used  the  water  present  at  towns  or  water  holes 
along  the  line.  But  it  was  soon  found  that  the  substances  pres¬ 
ent  in  much  of  this  water  destroyed  the  boilers.  Either  the 
compounds  present  reacted  with  the  hot  water  to  dissolve  the 
iron  of  the  boiler  tubes  so  that  they  leaked  like  sieves,  or 
the  hardness  compounds  precipitated  out  of  the  water  and 
coated  the  tubes  with  hard  boiler  scale.  This  scale  formed 
thickest  where  the  fire  was  the  hottest.  Sometimes  the  scale 
cake  got  so  thick  it  clogged  the  boilers  and  the  pressure  burst 
them. 

In  addition  to  these  objections  to  hardness,  there  are  others 
of  commercial  importance.  There  are  many  industries  such  as 
dyeing,  papermaking,  brewing,  food  packing,  and  drug  manu¬ 
facture,  which  must  constantly  watch  their  water  supply  and 
control  its  mineral  content. 

Removal  of  Hardness.  In  general  there  are  two  types  of 
water  hardness,  permanent  and  temporary.  Permanent  hard¬ 
ness  is  due  to  the  presence  of  the  chlorides  or  sulfates  of  cal¬ 
cium  or  magnesium  (CaCl2,  CaS04,  MgCl2,  MgSO.t).  This 
type  of  hardness  may  be  removed  by  the  precipitation  of  the 
calcium  and  magnesium  ions  by  the  addition  of  the  proper 
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chemical  substances.  Of  course,  we  could  use  soap  as  has  been 
pointed  out,  but  such  procedure  would  be  entirely  too  expen¬ 
sive.  Moreover  other  substances  which  cost  much  less  are  even 
more  effective  than  is  soap.  Ordinarily  one  finds  sodium  car¬ 
bonate  (sal  soda),  sodium  phosphate,  or  borax  for  sale  as 
water  softeners.  Let  us  look  at  the  action  of  the  first  of  these. 
Sodium  carbonate  in  solution  is  ionized  and  the  carbonate  ion 
(CO 3  )  reacts  with  any  calcium  ions  (Ca++)  to  form  the 

insoluble  compound  calcium  carbonate  (CaCOs). 

CaS04  ±=»  Ca++  +  S04“ 

Na2C03  *=>  C03—  +  2Na+ 

i  IT 

CaC03  Na2S04 
insoluble 

The  insoluble  calcium  carbonate  may  be  removed  by  filtra¬ 
tion,  or  it  may  be  allowed  to  settle  so  that  the  clear  liquid  may 
be  poured  olf .  The  price  of  soap  may  be  twenty  cents  or  more 
per  pound,  while  the  sodium  carbonate  required  may  be  pur¬ 
chased  for  two  or  three  cents  per  pound.  This,  together  with 
the  fact  that  one  pound  of  dry  sodium  carbonate  can  soften 
as  much  water  as  six  pounds  of  soap,  makes  obvious  which  is 
better. 

Temporary  hardness  is  caused  by  the  presence  of  calcium 
and  magnesium  bicarbonates  in  the  water.  When  the  water 
in  the  soil  comes  in  contact  with  the  air  it  dissolves  carbon 
dioxide  to  form  a  weak  acid  known  as  carbonic  acid  (H2C03) . 
Frequently  this  slightly  acid  water  comes  into  contact  with 
limestone  (CaC03),  or  marble  (CaCOs)  and  some  of  the  stone 
dissolves  to  form  calcium  bicarbonate  (Ca(HC03)2). 

CaC03  +  H2C03  Ca(HC03)2 

The  reaction  is  reversible.  Hence,  if  the  water  solution  is 
boiled,  the  carbon  dioxide  is  removed  and  the  calcium  carbon¬ 
ate  precipitates  out. 

Ca(HC03)2  ->  CaC03  +  H2C03 
H2C03  ->  H20  +  C02 
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The  removal  of  temporary  hardness  may  be  brought  about 
by  boiling  the  water.  Most  of  us  have  boiled  water  many  times 
in  a  kettle  or  pan  and  have  seen  the  deposit  of  scale  which 
results  from  the  precipitation  of  calcium  carbonate.  Naturally, 
however,  such  removal  as  this  cannot  be  applied  to  large-scale 
chemical  and  manufacturing  operations. 

Like  permanent  hardness,  temporary  hardness  may  be  elimi¬ 
nated  by  soap  and  other  methods  similar  to  those  used  to  rid 
water  of  permanent  hardness.  There  is  one  point  of  differ¬ 
ence,  however.  This  arises  from  the  carbonic  acid  which  dis¬ 
solved  the  limestone  or  other  carbonate  in  the  first  place.  If 
this  acid  is  neutralized  the  carbonate  will  precipitate.  One  of 
the  cheapest  alkalies  is  lime  (Ca(OH)  2) .  If  this  is  added  to  the 
water  containing  temporary  hardness  the  water  is  softened. 

Ca(HC03)2  +  Ca(OH)2  ->  2CaC03  +  2H20 

It  will  be  noticed  that  the  calcium  added  in  the  form  of  lime  is 
also  precipitated  as  the  carbonate.  If  an  excess  of  lime  is  added 
the  calcium  will  cause  the  water  again  to  become  hard. 

In  ordinary  practice  both  kinds  of  hardness  occur  together. 
Hence,  large-scale  softening  plants  use  a  correct  mixture  of 
lime  and  sodium  carbonate.  This  constitutes  the  usual  method 
employed  by  the  railroads  and  plants  using  steam  or  hot  water 
boilers.  Billions  of  gallons  of  water  are  softened  in  this  way 
each  year.  The  chemical  control  of  the  process  must  be  fairly 
exact,  and  large  amounts  are  spent  on  equipment  and  for  chem¬ 
icals.  But  the  process  results  in  savings  of  millions  of  dollars 
in  upkeep  and  replacement  of  costly  machines.  Such  treatment 
is  largely  confined  to  the  central  and  southwestern  states. 

Within  recent  years  a  similar  method  has  been  developed 
to  soften  water  for  use  in  the  home.  This  consists  in  the  in¬ 
stallation  of  a  tank  through  which  all  the  water  entering  the 
house  must  run.  The  tank  is  partially  filled  with  a  solid  which 
is  essentially  sodium  aluminum  silicate  (NaAlSi04).  This  may 
be  either  a  naturally  occurring  mineral  or  a  manufactured  sub¬ 
stance.  The  natural  material  is  called  zeolite  and  one  manu- 


160 


WATER  PURIFICATION 


factured  product  is  called  permutit.  When  hard  water  passes 
through  this  mineral  a  chemical  change  occurs  which  ex¬ 
changes  sodium  for  calcium  or  magnesium. 

2NaAlSi04  +  CaS04  Na2S04  +  Ca(AlSiQ4)2 

(insoluble) 

The  insoluble  calcium  aluminum  silicate  remains  in  the  tank 
and  the  small  amount  of  sodium  sulfate  that  is  picked  up  by 


Fig.  33.  A  Home  Water  Softener 


the  water  does  no  harm.  This  method  of  softening  water  is 
made  not  too  difficult  for  the  household  by  the  fact  that  the 
mineral  in  the  tank  may  be  regenerated  by  treating  it  with  a 
strong  salt  brine  for  a  few  minutes  and  then  washing  away 
the  excess  salt  and  calcium  chloride. 

Ca(AlSi04)2  +  2NaCl  ->  2NaAlSi04  +  CaCl2 
Softening  of  City  Supplies.  More  and  more,  there  is  a  de¬ 
mand  for  soft  water.  Private  installations  in  the  home  are  rather 
expensive,  but  they  give  a  very  soft  water  if  properly  cared 
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for.  Some  cities  have  already  attempted  to  answer  the  demand 
for  soft  water  and  are  removing  at  the  filtration  plant  at  least 
some  of  the  hardness  which  is  present.  But  since  much  of  the 
total  consumption  is  used  for  irrigation,  watering  lawns  and 
flowerbeds,  street  washing,  fire  fighting,  and  sewage  disposal 
it  is  obviously  costly  and  unnecessary  to  remove  all  the  hard¬ 
ness.  It  is  probable,  however,  that  the  demand  for  some  inex¬ 
pensive  softening  will  grow  and  that  many  more  cities  will 
undertake  it  as  soon  as  the  consumers  let  their  wants  be  known. 

Safeguarding  Our  Water  Supplies.  In  the  ordinary  course 
of  events  the  treatment  given  the  water  in  the  average  city  is 
sufficient  to  insure  the  delivery  of  good  water  to  the  user.  Even 
the  untrained  are  able  to  complain  if  their  drinking  water  is 
cloudy,  or  if  it  has  a  bad  taste  or  odor.  There  are  things,  how¬ 
ever,  which  give  no  warning  of  their  presence;  these  are  the 
germs  of  dreaded  disease.  They  should  not  be  present  in  treated 
water  but  you  never  know  when  something  may  go  wrong. 
Men  and  machines  do  not  always  perform  perfectly.  Because 
of  this  it  is  quite  necessary  that  some  trained  person  shall  be 
on  the  alert  always  for  signs  of  contamination  in  the  water 
system.  It  is  not  only  necessary  to  kill  the  bacteria  and  keep 
new  ones  out  of  the  system  but  it  is  just  as  necessary  to  destroy 
the  food  required  for  their  growth  and  multiplication. 

The  chemist  must  cooperate  with  the  bacteriologist  in  the 
detection  of  microscopic  organisms.  Small  samples  of  water 
are  diluted  and  mixed  in  flat  dishes  with  gelatin  or  agar  con¬ 
taining  food  on  which  bacteria  may  live.  The  gelatin  or  agar 
forms  a  firm,  moist  base  upon  which  the  organisms  may  estab¬ 
lish  themselves  and  begin  their  process  of  multiplication.  If  the 
dilution  has  been  great  enough,  these  organisms  will  be  spread 
out  so  that  they  do  not  interfere  with  each  other.  After  a  day 
at  body  temperature,  in  an  incubator,  each  original  organism 
is  surrounded  by  a  whole  group  of  other  organisms,  its  prog¬ 
eny,  and  the  group  (colony)  is  large  enough  to  be  seen.  By 
counting  the  number  of  colonies  in  one  dish  it  is  quite  simple 
to  state  the  number  of  organisms  originally  present  in  each 
milliliter  of  water.  Each  organism  has  developed  a  colony  of 


162 


WATER  PURIFICATION 


its  own.  An  experienced  worker  is  able  to  tell  something 
about  the  type  of  organisms  by  the  color,  shape,  and  size  of 
their  colonies.  An  appreciable  number  of  bacteria  of  any  sort, 
whether  harmful  or  not,  indicates  incomplete  treatment  of  the 
water  or  additional  pollution  after  treatment. 

It  is  of  particular  interest  to  determine  if  the  organisms  pres¬ 
ent  are  among  those  which  live  in  the  bodies  of  warm-blooded 
animals.  The  organisms  which  cause  typhoid  fever,  dysentery, 
and  cholera  are  difficult  to  detect  in  water.  Coliform  organisms 
live  and  grow  in  the  intestines  of  men  and  other  animals  and 
these  may  be  detected  quite  easily.  If  these  are  found  in  the 
water  it  may  be  presumed  that  the  water  is  being  contaminated 
by  human  sewage  and  thus  may  serve  as  a  source  of  disease. 
These  bacteria  are  detected  by  their  ability  to  bring  about  the 
fermentation  of  a  beef  extract  broth  which  contains  lactose 
(milk  sugar). 

Samples  of  water  for  bacteriological  examination  are  taken 
several  times  each  day  from  various  points  throughout  the 
system  in  our  larger  cities.  Smaller  towns  do  not  as  a  rule  main¬ 
tain  such  constant  control  but  do  examine  samples  quite  fre¬ 
quently.  It  sometimes  becomes  necessary  to  add  a  large  excess 
of  chlorine  to  the  water  at  the  pumping  plant  in  order  that  the 
water  everywhere  in  the  system  may  be  kept  safe.  Private 
water  systems  are  frequently  connected  to  the  water  mains 
and  due  to  pressure  changes  the  private  source  feeds  into  the 
mains.  The  next  time  you  taste  or  smell  chlorine  in  your  drink¬ 
ing  water  you  may  remember  that  it  is  better  to  drink  a  little 
chlorine,  which  is  harmless  at  such  dilution,  than  to  have  ty¬ 
phoid  fever.  The  fact  that  the  city  has  not  known  typhoid 
fever  for  ten  years  does  not  make  the  water  safe  now. 

The  water  chemist  is  constantly  on  the  alert  for  signs  of 
sewage  contamination  in  water.  This  applies  not  only  to  city 
supplies  but  also  to  wells  and  springs  throughout  the  country. 
All  sewage  is  heavily  charged  with  nitrogen  compounds.  These 
are  classed  as:  albuminoid  ammonia,  from  fairly  fresh  sewage; 
free  ammonia,  from  partially  decomposed  sewage;  nitrites, 
from  less  recent  pollution;  and  nitrates,  from  fully  oxidized 
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sewage.  The  tests  for  these  indicate  a  great  deal  about  the 
recentness  of  the  pollution  and  help  to  determine  the  source. 

There  are  still  other  tests  to  be  made  on  water.  The  total 
amount  of  solids  in  suspension  as  well  as  in  complete  solution 
has  quite  a  bit  to  do  with  the  usefulness  of  the  water.  The 
hardness  and  whether  it  is  temporary  or  permanent  determines 
the  amount  of  soap  which  must  be  used  and  also  the  amount 
of  softening  required  by  laundries  and  industries.  In  certain 
sections  of  the  country  the  water  becomes  acid  due  to  drain¬ 
age  from  mines  and  from  factories.  Such  water  destroys  the 
pipes  through  which  it  is  pumped  and  calls  for  treatment  with 
calculated  amounts  of  lime.  Even  the  fish  are  protected  by 
chemical  control.  There  are  laws  which  have  to  do  with  the 
pollution  of  a  stream  by  a  factory.  If  the  material  fed  into 
the  stream  uses  up  the  oxygen  it  will  cause  the  fish  to  die.  The 
water  chemist  must  look  after  this  pollution  for  the  protection 
of  the  stream  and  the  industry. 

SUMMARY 

The  water  supplied  to  a  city  must  be  free  from  disease- 
producing  bacteria.  It  must  contain  no  harmful  chemicals  and 
must  be  pleasing  in  appearance,  taste,  and  odor.  In  most  cities 
it  must  also  be  suitable  for  industrial  use. 

The  bacteria  carried  by  water  are  those  of  typhoid  fever, 
dysentery  of  certain  types,  and  Asiatic  cholera.  The  purifica¬ 
tion  process  must  remove  these  and  other  bacteria  as  well  as  the 
food  they  live  on. 

The  purification  of  water,  in  general,  involves  the  removal 
of  dirt  by  sedimentation.  This  is  followed  by  the  addition  of 
a  flocculating  agent  such  as  alum,  with  subsequent  filtration 
through  sand.  Escaping  bacteria  and  organic  matter  are  de¬ 
stroyed  by  the  addition  of  chlorine  to  the  filtered  water.  Odor, 
tastes,  and  color  are  removed  by  treatment  with  charcoal  prior 
to  filtration. 

Hardness  in  water  is  either  temporary  or  permanent.  Tem¬ 
porary  hardness  is  due  to  the  bicarbonates  of  calcium  and 
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magnesium.  Permanent  hardness  is  due  to  the  chlorides  and 
sulfates  of  calcium  and  magnesium. 

The  removal  of  hardness  may  be  accomplished  by  the  use 
of  soap  which  precipitates  the  calcium  and  magnesium  ions. 
This  may  be  done  more  cheaply  by  the  use  of  sodium  carbon¬ 
ate,  borax,  or  sodium  phosphate.  Temporary  hardness  may 
be  removed  by  boiling  or  by  the  addition  of  the  correct  amount 
of  lime.  Home  water  softeners  may  contain  zeolite  or  permutit. 
These  are  regenerated  by  the  use  of  a  concentrated  solution 
of  common  salt.  Some  cities  are  installing  plants  to  remove 
most  of  the  hardness  present  in  the  water  which  they  use. 

REVIEW  QUESTIONS 

1.  What  are  the  requirements  for  a  good  water  supply? 

2.  What  diseases  are  generally  considered  to  be  carried  in 
water? 

3.  By  what  means  are  most  of  the  dirt  and  bacteria  removed 
from  water? 

4.  Describe  the  construction  of  a  water  filter. 

5.  What  name  do  we  give  to  a  reaction  in  which  the  ions  of 
water  take  part? 

6.  For  what  purpose  is  chlorine  used  in  water?  Why  is  am¬ 
monia  used  with  it? 

7.  Give  the  causes  of  the  two  types  of  hardness.  What  is  their 
effect  with  soap? 

8.  How  may  the  hardness  of  water  be  removed?  Explain  fully 
with  equations. 

9.  By  what  means  are  bacteria  in  water  detected? 

10.  What  significance  is  attached  to  the  presence  of  coliform 
organisms? 

11.  Why  are  fish  killed  by  excess  organic  matter  in  streams? 
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Ordinary  salt  is  one  of  the  most  common,  and  one  of  the  most 
important,  substances  which  we  know.  It  is  almost  impossible 
to  estimate  the  amount  of  it  which  is  present  on,  and  in,  the 
earth  where  man  may  reach  it.  About  3.5  percent  of  the  weight 
of  ocean  water  is  due  to  this  substance  in  solution.  There  are 
enormous  beds  of  rock  salt  underlying  portions  of  the  land 
in  various  countries.  Many  deep  wells  are  drilled  into  under¬ 
ground  streams  of  salt-laden  water.  These  sources  of  salt  do 
not  furnish  pure  material  by  merely  evaporating  the  water,  or 
by  digging  into  salt  rock  deposits.  But  it  is  rather  easy  to 
prepare  a  product  from  either  of  these  which  is  pure  enough 
for  most  of  our  needs. 

In  the  minds  of  many,  salt  is  associated  only  with  human 
wants  for  savoring  food.  Man  and  most  other  animals  crave 
and  need  salt  as  a  part  of  the  diet.  Medical  science  knows  that 
it  contributes  a  vital  part  to  the  digestive  process  as  well  as  to 
the  general  functioning  of  the  body.  However,  in  the  number 
of  total  tons  of  salt  used  by  man,  its  function  with  food  is 
minute  in  comparison  with  its  use  in  the  manufacture  of  other 
things.  In  its  common  kitchen  or  ice-cream  freezer  form,  salt 
has  very  few  uses.  But,  if  it  is  used  as  a  raw  material  and  sub¬ 
jected  to  chemical  changes,  the  products  which  may  be  formed 
are  numberless.  In  fact,  they  touch  nearly  everything  with 
which  we  come  in  contact.  And  yet  these  uses  are  compara¬ 
tively  recent.  A  process  for  making  soda  ash  (sodium  carbon¬ 
ate)  from  salt  was  perfected  about  1791.  Since  that  time  salt 
has  become  an  increasingly  important  raw  material. 

Before  we  can  learn  much  of  these  chemical  changes  which 

166 


REVIEW  OF  ELECTRICAL  TERMS  167 


widen  the  scope  of  salt’s  usefulness  to  men,  we  must  get  a 
better  conception  of  the  nature  of  the  salt  molecule  and  the 
parts  of  which  it  is  composed.  It  has  already  been  pointed  out 
that  salt  may  be  formed  by  the  union  of  hydrochloric  acid  with 
sodium  hydroxide.  This  has  been  written  as  follows: 

HC1±+H+  +  Cl- 
NaOH  ±=>  OH"  +  Na+ 

1  It 

H20  NaCl 

We  explained  that  this  process  is  one  of  neutralization  and  is 
similar  to  that  which  occurs  between  any  acid  and  any  base. 
In  every  such  case  one  of  the  products  is  water  and  the  other 
product  is  a  salt.  While  kitchen  salt  is  just  one  of  this  entire 
class  of  salts  we  can  continue  our  practice  of  simply  calling  it 
salt,  with  full  knowledge  that  it  is  only  one,  although  the 
most  common,  of  a  whole  class  of  chemical  compounds. 

The  Charge  on  the  Ions.  We  have  written  equations  which 
represent  the  ionization  of  salt  and  other  substances.  But  noth¬ 
ing  has  yet  been  said  about  how  it  is  possible  for  such  a  thing 
as  an  ion  to  exist.  If  we  place  sodium  on  water  we  find  that 
it  reacts  at  once  to  liberate  hydrogen  from  the  water.  The 
reaction  is  so  violent  that  the  hydrogen  catches  fire  if  the 
sodium  is  confined  to  one  spot.  On  the  other  hand,  chlorine 
is  a  highly  poisonous  gas  which  slowly  reacts  with  water  under 
the  proper  conditions  to  produce  a  little  oxygen.  It  seems  cer¬ 
tain,  then,  that  a  salt  solution  does  not  contain  free  sodium 
atoms  and  chlorine  atoms  floating  about  in  the  water.  The 
difference  must  be  in  the  electrical  charge  which  is  attached 
to  these  atoms  in  the  solution.  This  electrical  charge  seems  to 
confer  unusual  properties  on  the  atoms  which  are  so  charged. 
Sodium  will  react  with  chlorine  to  form  a  salt  and  this  salt 
dissolves  in  water  to  give  the  charged  ions  Na+  and  Cl-.  Evi¬ 
dently,  then,  the  positive  and  negative  charges  come  into  evi¬ 
dence  during  the  chemical  reaction,  and  some  relation  must 
exist  between  electricity  and  chemical  combination. 

Review  of  Electrical  Terms.  Before  proceeding  further  we 
must  review  some  electrical  terms.  Electricity  can  be  made  to 
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flow  through  a  conductor  provided  an  electrical  pressure  is 
applied.  Just  as  water  under  pressure  will  flow  through  a  pipe, 
so  electricity  will  flow  through  a  conductor  if  an  electromo¬ 
tive  force,  or  a  difference  in  voltage,  exists  between  its  two 
ends.  The  rate  of  flow  depends  upon  this  electromotive  force 
and  upon  the  size  of  the  conductor  as  well  as  upon  the  ease 
of  flow  through  the  conductor.  The  unit  of  electricity  is 
called  the  coulomb.  This  is  a  definite  quantity  just  as  a  quart 
of  a  liquid  is  a  definite  quantity.  This  quantity  of  electricity 
may  flow  rapidly  or  it  may  flow  slowly.  If  it  flows  in  one  sec¬ 
ond  through  a  conductor,  we  say  that  the  current  is  one 
ampere.  The  unit  of  resistance  is  called  the  ohm.  A  column  of 
mercury  which  is  one  square  millimeter  in  cross  section  and 
106.3  centimeters  long  has  a  resistance  of  one  ohm  if  the  tem¬ 
perature  is  0°  C.  If  one  volt  is  applied  to  this  column  of  mer¬ 
cury,  one  coulomb  of  electricity  will  flow  through  it  each 
second. 

The  first  source  of  current  electricity  was  made  available 
just  prior  to  1800  and  soon  afterwards  various  experimenters 
began  to  investigate  its  chemical  effects.  In  1807,  Sir  Hum¬ 
phrey  Davy  passed  electricity  through  some  melted  potassium 
oxide,  and,  at  the  negative  electrode,  he  found  the  element 
potassium.  In  a  similar  manner  he  prepared  the  elements 
sodium,  barium,  calcium,  strontium,  and  magnesium.  This 
showed  that  some  connection  must  exist  between  electricity 
and  chemical  combination. 

Electrolysis  of  Solutions.  Michael  Faraday  studied  the  ef¬ 
fect  of  electricity  upon  solutions  of  electrolytes.  He  measured 
the  amount  of  electricity  which  he  passed  through  various 
solutions.  Then  he  weighed,  or  otherwise  measured,  the 
amounts  of  material  set  free  at  the  electrodes.  When  the  solu¬ 
tion  consists  of  an  acid,  such  as  sulfuric  acid,  dissolved  in 
water,  the  passage  of  the  current  liberates  hydrogen  at  the 
negative  electrode  and  oxygen  at  the  positive  electrode.  This 
phenomenon  has  been  described  earlier.  Faraday  found  that, 
in  order  to  liberate  one  gram-atomic  weight  ( 1 .008  grams)  of 
hydrogen,  it  was  necessary  to  pass  96,500  coulombs  of  elec- 
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tricity  through  the  solution.  This  was  observed  to  be  an  exact 
quantity.  Any  larger  or  smaller  amounts  of  hydrogen  liber¬ 
ated  always  required  a  proportionately  larger  or  smaller 
amount  of  electricity. 

By  changing  the  electrolyte  to  copper  (cupric)  chloride,  it 
was  found  that  careful  control  of  the  current  would  deposit 
only  copper  at  the  negative  electrode  and  that  no  hydrogen 
would  be  released  from  the  water.  In  this  case  the  amount  of 
electricity  consumed  was  2  X  96,500  coulombs  for  each  gram- 
atomic  weight  (63.57  grams)  of  copper  liberated.  In  another 
experiment  a  solution  of  gold  chloride  was  electrolyzed.  In 
this  instance  it  required  3  X  96,500  coulombs  to  liberate  a 
gram-atomic  weight  (197.2  grams)  of  gold. 

Valence  and  Equivalent  Weights.  An  examination  of  the 
accepted  formulas  for  copper  chloride  and  gold  chloride  in 
comparison  with  that  for  hydrogen  chloride  will  reveal  an 
interesting  relationship.  These  are: 

Hydrogen  chloride  HC1 

Copper  chloride  CuCl2 

Gold  chloride  AuCh 

By  inspection,  one  can  see  that  the  valence  number  of  Cu  is 
two  and  of  Au  is  three.  It  will  be  recalled  that  the  combining 
capacity  of  hydrogen  is  taken  as  unity  and  is  the  standard  of 
comparison.  The  number  of  hydrogen  atoms  with  which  an 
atom  of  an  element  may  combine,  or  which  an  atom  of  an 
element  may  displace  from  its  compounds,  is  the  combining 
number,  or  valence,  of  the  element.  We  may  also  say  that  the 
weight  of  an  element  which  is  chemically  equivalent  to  one 
gram-atomic  weight  of  hydrogen  shall  be  called  its  equivalent 
weight.  Thus  from  the  formula  of  silver  chloride  (AgCl)  we 
may  see  that  the  valence  number  of  silver  is  one,  and  that  the 
equivalent  weight  of  silver  is  the  same  as  its  atomic  weight. 
To  make  this  more  clear  let  us  compare  this  formula  with  that 
of  hydrogen  chloride  (HC1).  It  may  be  seen  that  one  silver 
atom  combines  with  the  same  amount  of  chlorine  as  does  one 
hydrogen  atom.  Thus,  silver  atoms  have  the  same  combining 
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capacity  as  hydrogen  atoms,  and  one  silver  atom  is  chemically 
equivalent  to  one  hydrogen  atom.  From  this  it  is  evident  that 
the  equivalent  weight  of  silver  is  the  atomic  weight  (107.88 
grams).  Similar  reasoning  shows  that  the  equivalent  weight 
of  copper  in  CuCl2  is  one  half  the  atomic  weight  of  copper  or 
h.  of  63.47  and  that  the  equivalent  weight  of  gold  in  AuC13  is 
one  third  of  the  atomic  weight  of  gold  or  \  of  197.2. 

By  now  it  is  evident  that  there  is  a  relationship  between  the 
valence  of  an  element  and  the  amount  of  electricity  which  is 
required  to  set  free  a  gram-atomic  weight  of  it.  Elements  exist 
as  ions  in  solutions  from  which  they  may  be  set  free  by  simple 
electrolysis.  The  following  table,  which  shows  the  relationship 
between  the  ionic  charge  and  the  electricity  required  for  depo¬ 
sition  of  a  few  of  them,  may  be  helpful. 


Ions 

Valence 

Coulombs  of 
Electricity  to  release 
i  atomic  weight 

Coulombs  of 
Electricity  to  release 

1  equivalent  weight 

H+ 

i 

i  X  96,500 

96,500 

Ag+ 

i 

1  X  96,500 

96,500 

Cu++ 

2 

2  X  96,500 

96,500 

Au+++ 

3 

3  X  96,500 

96,500 

Thus  there  is  a  definite  amount  of  electrical  energy  required 
to  convert  an  equivalent  weight  of  an  ion  to  an  equivalent 
weight  of  the  free  element.  The  amount  of  silver  plate  on  a 
spoon  may  be  measured  by  the  amount  of  electricity  required 
to  put  it  there.  In  other  words,  there  is  a  definite  amount  of 
electricity  connected  with  the  unit  charge  on  an  ion.  And  the 
total  electrical  charge  connected  with  an  ion  is  a  multiple  of 
this  unit  charge.  It  seems,  then,  that  electricity  must  come  in 
small  units  and  that  we  must  take  a  whole  unit  or  nothing. 

Faraday’s  Laws.  Much  of  the  foregoing  evidence  was  in¬ 
vestigated  by  Faraday.  He  summed  up  the  information  at  hand 
in  the  two  laws  of  electrolysis  which  bear  his  name. 

1.  The  quantity  of  ?naterial  set  free  at  the  electrodes  is  pro- 
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portional  to  the  total  amount  of  current  which  passes  through 
the  solution. 

2.  The  same  amounts  of  electricity  will  liberate  weights  of 
various  elements  which  are  proportional  to  their  equivalent 
weights. 

The  quantity  of  electricity  {96,500  coulombs )  which  lib¬ 
erates  one  equivalent  weight  of  an  element  from  its  solution  is 
called  a  faraday. 

While  this  discussion  has  centered  around  metallic  ions 
which  bear  a  positive  charge,  it  is  not  intended  to  infer  that 
negative  ions  do  not  also  undergo  changes  during  the  passage 
of  electricity  through  solutions.  They  do.  Thus  while  one 
equivalent  weight  of  copper  is  deposited  from  a  solution  of 
copper  chloride  there  is  also  one  equivalent  weight  of  chlorine 
liberated  at  the  positive  electrode. 

Chemical  Changes  Are  Electrical  Processes.  Since  it  has 
been  shown  that  a  definite  amount  of  electricity  is  required  to 
convert  an  ion  to  the  free  atom,  it  naturally  follows  that  a 
definite  amount  of  electricity  left  the  atom  at  the  time  it  be¬ 
came  an  ion.  From  what  has  gone  before  we  should  be  able  to 
write  the  reaction  between  chlorine  and  copper  as  a  combi¬ 
nation  of  the  following  changes. 

Cu  — >  Cu++  -1-  2  X  96,500  coulombs 
Cl2  — *  2  X  96,500  coulombs  +  2C1~ 

In  the  light  of  this  reasoning  such  chemical  reactions  involve 
a  transfer  of  electricity  from  one  atom  to  another.  The  ques¬ 
tion  then  arises  as  to  what  happens  when  such  a  transfer  occurs 
and  how  it  is  possible.  We  may  also  ask  if  all  elements  behave 
alike  in  this  respect  and  if  any  differences  have  been  tabulated. 
In  the  above  equations  we  assumed  that  copper  gave  up  elec¬ 
tricity  to  chlorine  during  their  reaction  together.  But  no  rea¬ 
son  for  such  an  assumption  was  given. 
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Newlands’  Law  of  Octaves.  So  far  as  we  are  concerned  the 
whole  business  of  finding  similarities  between  elements  began 
back  in  1865  when  an  Englishman,  by  the  name  of  Newlands, 
presented  a  paper  before  an  English  scientific  society.  He  pro¬ 
posed  that  certain  elements  known  at  that  time  could  be  ar¬ 
ranged  in  the  order  of  increasing  atomic  weights  and  that  every 
eighth  element  would  show  similar  characteristics.  A  few  of 
these  elements  so  listed  will  make  this  more  clear.  The  figures 
represent  the  atomic  weights. 


1 

7 

9 

11 

12 

14 

16 

H 

Li 

Be 

B 

C 

N 

0 

F 

Na 

Mg 

A1 

Si 

P 

s 

19 

23 

24 

27 

28 

31 

32 

According  to  Newlands,  certain  similar  characteristics  are 
shown  by  each  element  of  the  pairs  listed.  Thus  lithium  (Li) 
and  sodium  (Na)  are  very  much  alike,  as  are  also  carbon  and 
silicon,  nitrogen  and  phosphorus,  and  oxygen  and  sulfur.  This 
statement  of  similarity  of  every  eighth  element  was  called  the 
law  of  octaves .  It  is  interesting  that  a  noted  gentleman  arose 
in  the  scientific  meeting  and  asked  Mr.  Newlands  if  he  had 
tried  arranging  the  elements  alphabetically.  “  Such  an  arrange¬ 
ment,”  he  laughingly  remarked,  “  would  surely  show  some  in¬ 
teresting  things.”  This  silly  and  sarcastic  thrust  drowned  any 
enthusiasm  which  Newlands  or  other  members  of  the  society 
may  have  had. 

Periodic  Table  of  Mendeleeff.  About  1869,  a  Russian  by 
the  name  of  Mendeleeff  rediscovered  the  same  idea.  However, 
Mendeleeff  took  the  idea  much  further  and  made  greater  use 
of  the  relationships  which  he  found  to  exist.  He  claimed  that 
the  properties  of  the  elements  are  recurring  functions  of  their 
atomic  weights.  By  this  he  meant  that,  as  one  lists  the  elements 
in  the  order  of  increasing  atomic  weights,  it  is  found  that  the 
chemical  properties  encountered  seem  to  go  through  periodic 
changes.  He  listed  the  then  known  elements  in  the  order  of 


THE  PERIODIC  TABLE 
(Based  on  the  classification  of  Mendeleeff) 
Group 


28 

Ni 

58.69 

46 

Pd 

106.7 

78 

Pt 

195.23 

VIII 

27 

Co 

58.94 

45 

Rh 

102.91 

77 

Ir 

193.1 

26 

Fe 

55.84 

44 

Ru 

101.7 

76 

Os 

190.2 

IIA 

9 

F 

19.00 

17 

Cl 

35.457 

25 

Mn 

54.93 

35 

Br 

79.916 

5 

53 

I 

126.92 

75 

Re 

186.31 

85 

> 

8 

0 

16.000 

16 

S 

32.064 

24 

Cr 

52.01 

34 

Se 

78.96 

42 

Mo 

96.95 

52 

Te 

127.61 

74 

W 

183.92 

oo 

OO 

92 

U 

238.07 

i> 

7 

N 

14.008 

15 

P 

30.98 

23 

V 

50.95 

33 

As 

74.91 

41 

Cb 

92.91 

1  51 

Sb 

121.76 

73 

Ta 

180.88 

83 

Bi 

209.00 

91 

Pa 

231? 

> 

6 

C 

12.01 

14 

Si 

28.06 

22 

Ti 

47.90 

32 

Ge 

72.60 

40 

Zr 

91.22 

50 

Sn 

118.70 

72 

Hf 

178.6 

82 

Pb 

207.21 

90 

Th 

232.12 

hH 

HH 

5 

B 

10.82 

13 

A1 

26.97 

21 

Sc 

45.10 

31 

Ga 

69.72 

39 

Y 

88.92 

49 

In 

114.76 

57-71 

Rare 

Earths 

81 
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their  increasing  atomic  weights.  He  then  placed  those  elements 
with  similar  properties  in  the  same  vertical  columns.  In  this 
respect  his  classification  was  like  that  of  Newlands,  and,  like 
Newlands  also,  he  had  seven  groups  of  elements.  As  the  listing 
of  the  elements  took  place  he  soon  discovered  that  certain  ele¬ 
ments  did  not  fit  the  group  where  they  seemed  to  fall  but  did 
fit  the  next  group  farther  on.  He  then  put  these  elements  where 
their  chemical  properties  indicated  they  should  be  even  if  it 
left  blank  places  in  his  table.  Three  such  blank  spaces  were  ob¬ 
vious  and  he  predicted  the  ultimate  discovery  of  the  elements 
which  belonged  in  them. 

At  the  time  Mendeleeff  outlined  this  classification,  the  ele¬ 
ments,  scandium,  gallium,  and  germanium,  had  not  been  dis¬ 
covered.  It  was  the  spaces  which  these  now  occupy  that  he  left 
blank.  He  not  only  lived  to  see  the  discovery  of  these  elements, 
but  they  were  found  to  have  atomic  weights  and  chemical 
properties  in  accordance  with  his  predictions.  There  were  still 
other  elements  unknown  at  that  time.  But  he  did  not  have  in¬ 
formation  enough  to  draw  conclusions  concerning  them.  It  is 
interesting  to  note  that  all  of  the  rare  gases  of  the  atmosphere 
belong  in  a  group  together  and  that  their  discovery,  soon  after 
1 890,  merely  caused  the  addition  of  an  entirely  new  column  at 
one  side  of  the  table.  Since  these  gases  take  part  in  no  chemical 
changes  and  no  compounds  of  them  are  known  it  is  quite  ap¬ 
propriate  that  this  group  be  called  group  zero. 

Irregularities  of  the  Table.  In  keeping  with  his  plan  of  put¬ 
ting  each  element  where  it  seemed  to  belong,  Mendeleeff  left 
the  three  elements  which  follow  manganese  in  a  column  to 
themselves.  He  realized  that  they  did  not  fit  anywhere  else,  and 
so  he  created  an  eighth  group.  Just  what  this  meant,  or  how  it 
could  be  explained,  he  did  not  know.  But  it  is  interesting  that 
two  more  sets  of  three  elements  each  are  found  farther  down 
in  this  same  group.  He  realized,  too,  that  within  the  groups 
which  he  had  created  there  were  certain  irregularities  and  that 
it  was  necessary  to  divide  each  group  into  two  subgroups 
which  he  called  families.  The  two  families  in  each  of  the  seven 
groups  were  alike  in  valence,  but  there  were  few  other  simi- 
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larities.  Within  each  family,  however,  the  similarity  was  quite 
striking. 

There  are  fifteen  elements,  called  the  rare  earths,  which 
are  very  similar  to  each  other.  They  follow  barium  in  atomic 
weight.  There  was  no  way  to  spread  these  across  the  table  since 
they  all  have  the  same  valence  and  all  seem  to  belong  in  group 
three.  This  being  the  case  they  have  all  been  placed  in  this 
group.  It  has  remained  for  later  investigators  to  explain  their 
peculiarity.  Usually  these  elements  are  listed  at  the  bottom  of 
the  table  in  order  to  save  space  in  printing. 

In  spite  of  the  fact  that  the  order  of  increasing  atomic 
weights  dictates  otherwise,  there  are  three  pairs  of  elements 
which  have  been  placed  in  reverse  order.  These  are  argon  and 
potassium,  tellurium  and  iodine,  and  cobalt  and  nickel.  There 
is  nothing  about  the  properties  of  any  of  these  elements  to 
indicate  that  they  have  been  placed  in  the  improper  order. 
It  would  have  been  quite  improper  to  have  placed  potassium, 
which  is  a  very  reactive  metal,  in  group  zero  along  with  the 
inert  rare  gases. 

The  greatest  single  irregularity  of  the  table  is  the  fact  that 
there  is  no  place  for  hydrogen.  Some  workers  place  this  ele¬ 
ment  at  the  top  of  group  seven  while  others  feel  that  it  belongs 
in  the  first  group  along  with  lithium  and  sodium.  There  are 
some  good  arguments  for  both  of  the  views  but  there  are  also 
serious  objections  to  them. 

Uses  of  the  Table.  The  periodic  table,  as  arranged  first  by 
Mendeleeff ,  has  been  modified  in  certain  respects.  But  the  origi¬ 
nal  idea  remains  intact.  The  existence  of  the  table  has  stimu¬ 
lated  considerable  study  of  the  elements,  and  this  study,  in 
turn,  has  much  simplified  the  science  of  chemistry.  Those  ele¬ 
ments  which  seem  to  be  out  of  place  have,  of  course,  caused 
more  than  usual  curiosity  among  chemists  who  want  to  find 
out  what  is  wrong.  They,  therefore,  have  been  studied  with 
more  than  average  intensity.  The  entire  system  of  atomic 
weights  has  been  checked  and  rechecked  by  many  chemists, 
and  many  errors  have  been  eliminated.  For  every  peculiar 
thing  in  the  table,  there  have  been  performed  countless  experi- 
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merits  designed  to  prove  or  disprove  the  facts  which  were 
known  at  the  time  the  table  was  arranged.  The  vacancies  in  the 
table  provoked  the  research  which  brought  forth  the  discov¬ 
ery  of  the  missing  elements.  There  were  several  vacancies 
among  the  elements  of  higher  atomic  weights  and  all  of  these 
have  been  filled,  with  the  possible  exception  of  two  or  three 
about  which  there  is  still  some  question. 

The  peculiar  arrangement  of  group  eight,  and  the  long  list 
of  rare  earths  which  appear  together  in  group  three,  have  been 
the  centers  of  many  investigations.  Even  though  there  are  many 
things  about  these  and  other  points  of  the  periodic  table  which 
have  not  been  explained  yet,  there  are  untold  new  facts  which 
have  been  brought  to  light.  It  is  these  facts  which  add  to  our 
storehouse  of  knowledge  and  without  knowledge  progress  is 
impossible. 

It  is  not  to  be  implied  that  the  periodic  table  can  ever  be 
defended  against  all  objections.  It  is  now  known  that  the  prop¬ 
erties  of  the  elements  are  not  determined  by  their  atomic 
weights,  but  the  table  still  remains.  It  is  also  known  that  most 
of  the  elements  as  we  know  them  are  mixtures  of  atoms  with 
different  atomic  weights  (you  have  heard  of  heavy  hydrogen) . 
All  the  atoms  of  any  one  element,  however,  have  the  same 
chemical  properties.  The  atomic  weights  of  the  elements  as 
listed  are  really  the  averages  of  these  differently  weighted 
atoms  as  determined  by  their  relative  abundance  in  nature. 

There  are  certain  advantages  in  using  the  periodic  table 
which  soon  become  apparent  even  to  the  layman  or  beginner 
in  chemistry.  Instead  of  remembering  thousands  of  facts  about 
the  ninety-two  elements,  we  can  order  these  facts  into  nine 
groups.  There  are  many  properties  of  the  elements  which  may 
be  predicted  from  the  position  which  they  occupy  in  the  table. 
If  we  omit  the  zero  group  and  draw  a  line  from  the  upper  left- 
hand  corner  to  the  lower  right-hand  corner  of  the  table,  it  will 
just  about  separate  the  metals  from  the  nonmetals.  Those  ele¬ 
ments  in  group  eight  and  certain  others  are  exceptions  to  this. 
But  all  of  those  elements  which  are  to  the  left  of  such  a  line 
are  among  the  metals.  Those  elements  which  fall  near  the 
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line,  so  drawn,  are  neither  strongly  metallic  nor  strongly  non- 
metallic  and  many  of  them  show  some  properties  of  each  class. 

The  most  reactive  nonmetal  is  fluorine  which  is  found  in 
the  upper  right  of  the  table.  The  most  reactive  metal  known 
is  cesium,  which  is  found  at  the  lower  left,  though  element 
number  87  should  be  still  more  reactive  if  it  ever  is  obtained  in 
sufficient  quantity.  Those  elements  which  appear  near  to  these 
two  are  also  quite  reactive,  but  this  reactivity  grows  less  with 
those  which  are  farther  away. 

Those  elements  which  occur  in  the  same  group  all  have  the 
same  combining  number  or  valence.  Those  in  group  zero  have 
a  valence  of  zero;  those  in  group  one  have  a  valence  of  one; 
those  in  group  two  have  a  valence  of  two;  those  in  group  three 
have  a  valence  of  three;  and  those  in  group  four  have  a  valence 
of  four.  In  the  groups  higher  than  four,  there  are  two  or  more 
common  valences.  Thus  elements  in  group  five  show  a  va¬ 
lence  of  three  toward  hydrogen,  but  show  valences  of  three 
or  five  when  combined  with  oxygen.  Those  elements  in  group 
six  have  a  valence  of  two  when  combined  with  hydrogen,  but 
have  valences  of  four  or  six  when  combined  with  oxygen. 
Those  elements  of  group  seven  have  a  valence  of  one  when 
combined  with  hydrogen,  but  have  valences  of  one,  three, 
five,  or  seven  when  combined  with  oxygen.  The  elements  of 
group  eight  have  valences  of  two  or  three.  Such  knowledge  as 
this  is  easily  classified  and  permits  the  finding  of  valence  very 
readily. 

The  Atoms  Are  Related.  As  we  examine  the  table  by  pass¬ 
ing  from  left  to  right  along  a  horizontal  row  (series),  we  soon 
discover  that  the  properties  of  each  succeeding  element  are 
slightly  changed  from  those  of  the  one  which  came  before. 
It  is  also  observed  that  a  very  reactive  nonmetal  occurs  just 
before  a  completely  inert  gas,  and  that  a  very  reactive  metal 
occurs  just  after  the  inert  gas.  We  can  hardly  fail  to  see,  then, 
that  some  relationship  other  than  an  accidental  one  must  exist. 
Something  seems  to  have  been  added  to  each  element  in  turn 
until  a  stable  condition  is  attained  in  an  inert  gas.  After  this,  the 
next  addition  of  whatever  it  is  which  is  added  causes  the  for- 
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mation  of  another  active  metal.  We  are  at  once  faced  with  the 
fact  that  something  smaller  than  the  atom  must  exist,  and  that 
it  is  this  smaller  particle  which  determines  the  properties  of 
the  elements. 


SUMMARY 

The  volt  is  the  unit  of  electrical  pressure. 

The  coulomb  is  the  unit  of  electrical  quantity. 

The  ampere  is  the  unit  of  rate  of  electrical  flow  equal  to 
one  coulomb  per  second. 

The  ohm  is  the  unit  of  electrical  resistance  within  a  con¬ 
ductor. 

The  electrical  charge  borne  by  an  ion  appears  to  impart 
special  properties  to  the  particle  so  charged.  The  ions  of  ele¬ 
ments  no  longer  have  the  properties  usually  associated  with  the 
free  element.  This  electrical  charge  must  come  into  evidence 
during  the  chemical  reaction  between  elements. 

Sir  Humphrey  Davy  discovered  sodium,  potassium,  barium, 
calcium,  strontium,  and  magnesium  by  passing  electricity 
through  the  melted  oxides  of  these  elements. 

Michael  Faraday  made  the  first  serious  study  of  the  amount 
of  electricity  connected  with  an  atomic  weight  of  an  element 
when  in  solution  as  a  compound.  He  discovered  an  exact  re¬ 
lationship  between  an  equivalent  weight  of  an  element  and  the 
amount  of  electricity  required  to  liberate  it  from  its  com¬ 
pounds.  Faraday’s  laws  state  that  the  quantity  of  material  set 
free  at  the  electrodes  is  proportional  to  the  total  amount  of 
electricity  which  passes  through  the  solution,  and  the  same 
amounts  of  electricity  will  liberate  chemically  equivalent 
amounts  of  the  different  elements. 

The  relationships  and  similarities  between  elements  were 
studied  by  Newlands  who  proposed  a  law  of  octaves.  Later, 
Mendeleeff  proposed  the  periodic  table  in  which  he  assumed 
that  the  properties  of  the  elements  are  recurring  functions  of 
their  atomic  weights.  He  was  able  to  predict  the  existence  of 
certain  undiscovered  elements  and  he  specified  what  their 
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properties  would  be.  Their  later  discovery  showed  that  in  this 
he  was  exceedingly  correct. 

In  the  construction  of  the  periodic  table,  Mendeleeff  used 
the  method  of  common  sense  in  that  he  let  reason  dictate  the 
position  given  to  elements  even  if  this  was  sometimes  contrary 
to  the  general  idea  which  he  proposed.  Any  irregularities  were 
left  for  further  investigation  and  possible  explanation  at  a 
later  time. 

The  greatest  irregularities  in  the  periodic  table  are:  the  lack 
of  complete  similarity  between  the  two  families  within  a 
group;  the  existence  of  the  misfit  elements  in  group  8;  the 
inverted  order  of  argon  and  potassium,  tellurium  and  iodine, 
and  cobalt  and  nickel;  the  existence  of  the  rare  earths  in  one 
group;  and  the  lack  of  a  position  for  hydrogen. 

The  table  is  useful  in  that  it  stimulated  research  to  explain 
the  irregularities;  allows  a  classification  of  the  knowledge  of 
elements  into  a  few  general  classes;  and  serves  as  an  easy  way 
to  obtain  valence  numbers.  It  also  impresses  us  with  the  inter¬ 
relationships  between  elements. 

REVIEW  QUESTIONS 

1 .  Write  equations  in  ionic  form  to  show  the  union  of  NaOH 
with  HC1. 

2.  Cite  some  differences  between  the  sodium  atom  and  the 
sodium  ion;  between  the  chlorine  atom  and  the  chloride  ion. 

3.  What  names  are  given  to  the  units  of  electrical  pressure, 
quantity,  rate,  resistance? 

4.  Who  discovered  sodium?  By  what  method  was  it  obtained? 

5.  Who  first  studied  the  effect  of  electricity  on  solutions  of 
electrolytes? 

6.  State  Faraday’s  laws. 

7.  What  quantity  of  electricity  is  required  to  deposit  an  atomic 
weight  of  silver  from  a  solution  of  silver  nitrate? 

8.  What  was  the  basis  of  Newlands’  classification  of  the  ele¬ 
ments? 

9.  What  was  the  basis  of  the  classification  of  the  elements  by 
Mendeleeff? 
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10.  What  should  be  the  formula  of  a  compound  containing 
only  phosphorus  and  hydrogen?  Phosphorus  and  oxygen? 

11.  What  are  the  combining  numbers  of  the  elements  in  the 
various  groups  toward  hydrogen?  Toward  oxygen? 

12.  List  the  irregularities  of  the  periodic  table. 

1 3.  State  some  of  the  advantages  of  the  periodic  table. 

14.  In  what  position  in  the  periodic  table  do  you  find  the  active 
metals?  Where  do  you  find  the  active  nonmetals? 

15.  What  is  the  chief  chemical  property  of  the  elements  in 
group  zero? 
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The  Electrical  Nature  of  Matter.  The  facts  which  have 
been  presented  leave  little  doubt  but  that  there  is  some  sort  of 
relationship  between  the  chemical  activity  of  an  element  and 
its  electrical  condition.  We  have  seen  that  the  amount  of  elec¬ 
tricity  required  to  deposit  an  atomic  weight  of  an  element 
from  its  solution  is  proportional  to  the  electrical  charge  on  the 
ions  of  the  element.  And  we  have  observed  that  equal  quan¬ 
tities  of  electricity  will  deposit  chemically  equivalent  quanti¬ 
ties  of  the  various  elements  from  their  solutions.  It  is  also  clear 
that  the  valence  (combining  number)  of  an  element  is  the 
same  as  the  electrical  charge  of  the  ions  of  the  elements.  It 
then  follows  that  the  electrical  charge  which  an  element  may 
have  in  solution  is  related  to  the  position  of  that  element  in  the 
periodic  table. 

The  ions  of  certain  elements  (such  as  sodium,  calcium,  po¬ 
tassium,  and  other  metals)  are  charged  with  positive  electricity 
as  is  shown  by  the  fact  that  they  are  attracted  to  the  negatively 
charged  electrode  during  electrolysis.  On  the  other  hand  such 
elements  as  fluorine,  chlorine,  sulfur,  and  other  nonmetals 
give  ions  which  are  charged  with  negative  electricity.  Other 
elements  such  as  carbon  and  nitrogen  do  not  seem  to  form 
simple  ions,  and  a  look  at  the  periodic  table  will  show  that  these 
are  about  midway  between  the  metals  and  nonmetals  in  a 
horizontal  row. 

We  may  summarize  these  facts  by  reference  to  the  periodic 
table  again.  If  we  follow  the  order  of  the  elements  in  the  table 
from  left  to  right,  we  find  that  the  elements  which  come  after 

181 


182  CLASSIFICATION  OF  ELEMENTS 

the  inert  rare  gases  give  positive  ions  in  solution  and  that  the 
elements  which  come  just  before  the  inert  rare  gases  give  nega¬ 
tive  ions  in  solution.  The  elements  in  between  these  two  ex¬ 
tremes  are  more  or  less  “  on  the  fence,”  and  many  of  them  give 
no  simple  ions  in  solution. 

The  Nature  of  the  Charge.  Something  of  the  nature  of  this 
charge  may  be  learned  from  a  study  of  electrical  discharges  in 
a  partially  evacuated  tube.  If  a  high  voltage  current  is  applied 

to  two  electrodes  con- 
-f-  tained  in  a  partially 
evacuated  tube  similar 
to  the  sketch  in  Fig- 

Fig.  34.  Vacuum  Discharge  Tube  ure  34  a  current  wil1 

flow.  Investigation  has 

shown  that  very  small  particles  leave  the  negative  electrode 
and  strike  the  positive  electrode.  Very  exact  experiments  have 
determined  the  mass  of  these  particles  and  it  is  found  to  be 
about  1/1845  that  of  the  hydrogen  atom.  Other  experiments 
have  shown  that  each  of  these  particles  bears  a  definite  elec¬ 
trical  charge  and  that  it  is  always  the  same  regardless  of  the 
metal  of  which  the  electrode  may  be  made  and  regardless  of 
the  kind  of  gas  in  the  tube.  When  the  particles  so  generated 
strike  the  positive  electrode  they  give  rise  to  very  short  light 
waves  which  are  called  x-rays.  It  is  upon  this  principle  that 
x-ray  tubes  are  built.  It  has  also  been  observed  that  metal  wires, 
heated  to  a  bright  heat,  emit  particles  which  bear  electrical 
charges  just  like  the  charge  on  the  particles  in  the  evacuated 
tube.  Also,  if  x-rays  are  allowed  to  strike  a  metal  surface  these 
same  negatively  charged  particles  are  emitted  from  the  metal. 
Further  investigation  has  shown  that  exactly  the  same  kind  of 
charged  particles  are  emitted  from  radium  because  of  its  spon¬ 
taneous  decomposition. 

Because  of  this  similarity  between  the  particles  which  may 
be  produced  by  so  many  different  methods,  it  has  been  as¬ 
sumed  that  these  particles  constitute  the  “  units  ”  of  electricity. 
The  name  “  electron  ”  has  been  proposed  for  them  and  it  has 
been  universally  accepted. 
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If  we  refer  again  to  the  experiment  with  the  partially  evacu¬ 
ated  tube,  we  find  that  electrons  are  not  the  only  charged 
particles  encountered.  Some  carefully  controlled  experiments 
have  shown  that  other  particles  are  streaming  toward  the  nega¬ 
tive  electrode.  These  particles  are  charged  positively,  and  their 
size  depends  upon  the  gas  which  remains  in  the  tube.  When 
this  gas  is  hydrogen  the  particles  have  the  mass  of  the  hydro¬ 
gen  atom,  and  the  positive  charge  is  exactly  equal  in  magnitude 
to  the  negative  charge  of  the  electron.  In  case  another  gas  is 
present  in  the  tube  these  particles  have  the  mass  of  the  atoms 
concerned,  and  each  bears  one  or  more  units  of  positive 
charge.  Thus  it  seems  that  the  positive  charges  are  bound  up 
with  the  atoms  of  the  elements  and  are  not  free  to  appear  alone 
as  do  the  electrons.  No  cases  are  known  in  which  a  unit  posi¬ 
tive  charge  is  thus  produced  on  any  particle  of  less  mass  than 
the  hydrogen  atom.  The  positively  charged  hydrogen  atom  is 
called  the  proton.  There  is  strong  evidence  to  support  the 
view  that  it  is  a  hydrogen  atom  which  has  been  stripped  of 
an  electron. 

Atomic  Numbers.  A  young  English  physicist,  Henry  G.  J. 
Moseley,  who  was  killed  at  Gallipoli  in  1915  at  the  age  of  27, 
studied  the  behavior  of  the  solid  elements  when  they  were 
bombarded  by  streams  of  electrons.  We  have  pointed  out  that 
this  bombardment  causes  the  production  of  x-rays.  Moseley 
measured  the  wave  length  of  the  x-rays  so  produced  and  ar¬ 
ranged  the  elements  in  the  order  of  increasing  frequency  of 
the  x-ray  emitted.  This  order  was  found  to  be  the  same  as  that 
already  given  in  the  periodic  table.  Moseley  assigned  an  atomic 
number  to  each  element  in  order  to  indicate  the  position  of  the 
element  in  the  series  which  he  arranged.  These  atomic  num¬ 
bers  are  usually  given  in  all  tables  of  atomic  weights  as  well  as 
in  various  arrangements  of  the  periodic  table.  This  order  as 
determined  by  Moseley  is  the  same  as  the  order  of  increasing 
atomic  weights,  except  in  the  cases  that  we  pointed  out  in  our 
discussion  of  the  periodic  table.  In  the  original  table,  argon 
and  potassium,  cobalt  and  nickel,  and  tellurium  and  iodine, 
are  pairs  of  elements  which  appear  in  reverse  order  to  that  of 
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their  atomic  weights.  The  series  which  Moseley  prepared 
placed  these  elements  in  their  proper  order.  It  is  believed  that 
the  frequency  of  the  emitted  x-rays  depends  upon  the  arrange¬ 
ment  of  the  electrons  which  are  in  the  atoms  as  well  as  upon 
the  number  of  protons  and  electrons  which  may  be  present. 


Fig.  35.  Deflection  of  Alpha  Particles  Pass¬ 
ing  Through  an  Atom 

Rutherford’s  Contribution.  Something  of  how  the  atom 
is  constructed  was  demonstrated  by  Rutherford,  an  English 
physicist.  When  radium  decomposes  it  gives  off  charged  par¬ 
ticles,  called  alpha  particles ,  which  have  an  atomic  weight  of 
four  and  which  bear  a  positive  charge  equal  to  that  on  two 
protons.  These  alpha  particles  are  emitted  with  rather  high 
velocities.  They  are  capable  of  passing  through  thin  metallic 
sheets  with  very  little  deflection,  that  is,  without  being  thrown 
a  little  aside  from  a  straight  course.  Rutherford  studied  the 
penetration  of  metallic  sheets  by  these  particles  and  measured 
the  deflections.  A  few  of  the  alpha  particles  used  were  found 
to  be  thrown  considerably  out  of  line  and  in  some  cases  they 
emerged  from  the  metal  on  the  same  side  from  which  they  en¬ 
tered.  This  is  illustrated  in  Figure  35.  He  pointed  out  that  the 
metallic  atoms  must  be  porous  except  for  a  very  small  part 
of  their  volume  and  that  when  an  occasional  alpha  particle 
struck  this  nonporous  part  of  the  atom  it  was  greatly  de¬ 
flected.  Rutherford  proposed  that  the  atom  is  made  up  of  a 
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Fig.  36.  Diagram  of  Fog  Tracks 

very  small  but  quite  dense  nucleus  surrounded  by  electrons 
and  that  it  was  the  nucleus  which  produced  the  deflections  of 
the  alpha  particles.  He  calculated  the  units  of  charge  on  the 
nucleus  from  the  deflections  of  the  alpha  particles  and  found 
that  this  was  always  equal  to  the  atomic  number.  Rutherford 
then  proposed  that  the  nucleus  contains  all  of  the  protons  and 
a  part  of  the  electrons  packed  very  close  together  and  that  the 
remaining  electrons  occupy  space  surrounding  the  nucleus  in 
a  somewhat  porous  structure. 

Path  of  Alpha  Particles  Through  Air.  An  experiment  was 
devised  by  C.  T.  R.  Wilson  which  shows  the  path  of  alpha 
particles  through  air.  A  small  amount  of  radium  is  enclosed  in 
air  supersaturated  with  water  vapor.  The  alpha  particles  from 
the  radium  pass  through  the  air  molecules  and  jar  loose  some 
electrons  from  the  atoms.  Thus  they  leave  a  path  strewn  with 
positively  charged  atoms  and  these  attract  water  molecules  to 
produce  stringlike  patches  of  fog  known  as  fog  tracks.  Most 
of  these  are  straight  lines  from  five  to  seven  centimeters  in 
length.  But  once  in  a  great  while  one  is  seen  which  shows  a 
great  deflection  as  if  the  alpha  particle  had  struck  a  solid  wall. 
This  deflection  is  due  to  a  direct  hit  on  a  nucleus.  About  1 30,- 
000  air  molecules  are  passed  through  by  each  alpha  particle, 
and  so  the  nucleus  must  be  quite  small  or  it  would  be  banged 
into  much  more  often. 
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Planetary  Electrons.  This  common  conception  of  the  atom, 
which  is  now  accepted,  pictures  all  of  the  protons  and  some  of 
the  electrons  in  the  nucleus.  The  positively  charged  nucleus 
which  is  so  formed  is  balanced  electrically  by  the  remainder  of 
the  electrons  which  move  around  the  nucleus  in  some  way 
such  as  the  planets  move  around  the  sun.  These  are  called 
planetary  electrons.  Since  the  charge  on  the  nucleus  is  the 
same  as  the  atomic  number  there  must  also  be  this  same  num¬ 
ber  of  planetary  electrons. 

The  Hydrogen  Atom.  Hydrogen  is  the  lightest  element 
known  and  has  the  atomic  number  of  one.  It  thus  has  a  single 
positive  charge  on  the  nucleus  and  has  a  single  planetary  elec¬ 
tron  moving  about  it.  Since  the  atomic  weight  is  the  same  as 
that  of  the  proton  we  assume  that  its  nucleus  is  surely  a  single 
proton.  It  has  been  calculated  that  the  radius  of  the  hydrogen 
atom  is  about  10-8  cm.  (1/100,000,000  cm.)  and  that  the  radius 
of  the  electron  is  about  2  X  10“13  cm.  (2/10,000,000,000,000 
cm.)  or  about  1/50,000  that  of  the  entire  atom.  The  proton 
however  is  only  about  one  one-hundred-millionth  as  great  in 
radius  as  is  the  atom.  Thus  it  would  appear  that  most  of  the 
space  occupied  by  the  atom  must  be  empty  and  devoid  of 
matter  entirely.  If  things  in  general  are  so  made  up  it  is  clear 
that  there  is  little  solid  matter  in  anything,  and  that  things  like 
the  steel  body  of  an  automobile,  or  a  granite  rock  are  much 
like  a  sponge  with  far  more  empty  space  than  material. 

The  Helium  Atom.  Helium  has  an  atomic  number  of  two 
and  an  atomic  weight  of  four.  This  means  that  the  nucleus 
must  contain  four  protons  in  order  to  make  up  the  weight  and 
yet  must  have  only  two  positive  charges.  If  two  electrons  also 
exist  in  the  helium  nucleus  the  matter  of  the  nuclear  charge 
will  be  cared  for.  To  complete  the  atom  there  must  be  two 
planetary  electrons  revolving  about  the  nucleus. 

The  Neutron.  Within  the  past  few  years  it  has  been  defi¬ 
nitely  shown  that  there  is  an  uncharged  particle  with  a  weight 
nearly  the  same  as  the  proton.  It  is  produced  when  certain  ele¬ 
ments,  such  as  beryllium,  are  bombarded  with  alpha  particles. 
This  has  given  rise  to  the  idea  that  the  nuclei  of  all  atoms  are 


PLANETARY  ELECTRONS 


187 


composed  of  neutrons  and  protons  instead  of  protons  and 
electrons.  In  such  case,  the  number  of  protons  in  the  nucleus  is 
equal  to  the  atomic  number  and  the  number  of  neutrons  is 
sufficient  to  account  for  the  remainder  of  the  atomic  weight . 
It  follows  from  this  that  the  number  of  planetary  electrons  is 
the  same  as  the  number  of  protons  in  the  nucleus. 

Arrangement  of  Planetary  Electrons.  For  many  years 
there  have  been  several  questions  concerning  the  arrangement 
of  the  planetary  electrons  within  an  atom.  It  is  fairly  well 
agreed,  among  both  physicists  and  chemists,  that  these  elec¬ 
trons  must  be  in  rapid  motion.  But  it  is  impossible  to  see  them 
and  therefore  their  exact  arrangement  may  be  determined  only 
by  working  it  out  theoretically  together  with  ingenious  experi¬ 
ments.  We  have  already  mentioned  that  the  number  of  plane¬ 
tary  electrons  is  the  same  as  the  atomic  number.  Thus  as  we 
encounter  the  heavier  atoms  we  must  have  to  do  with  an  ever- 
increasing  number  of  these  electrons.  It  has  been  fairly  well 
established  that  these  electrons  are  probably  arranged  about 
the  nucleus  in  a  series  of  concentric  orbits.  These  orbits  prob¬ 
ably  follow  paths  contained  in  the  surface  of  a  sphere,  or  per¬ 
haps  in  the  surface  of  a  thing  shaped  like  a  football.  Thus  in 
the  case  of  hydrogen,  which  has  a  single  electron  moving  about 
a  single  proton,  we  assume  that  the  electron  normally  remains 
in  what  we  shall  term  the  first  sphere,  or  shell.  The  second  ele¬ 
ment,  helium,  with  two  planetary  electrons  is  completely  inert 
(chemically  inactive)  and  we  assume  that  the  second  electron 
is  in  the  same  shell  with  the  first.  These  are  drawn  diagram- 
matically  as  follows: 

l  2 


Fig.  37.  Structure  of  the  Atoms.  Hydrogen 
and  Helium 
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The  third  element,  lithium,  has  rather  great  chemical  ac¬ 
tivity.  We  assume  that  its  third  electron  must  be  in  a  second, 
outer,  shell.  This  may  be  expected  to  produce  an  atom  in 
which  the  outer  electron  is  relatively  far  away.  It  should,  then, 
easily  lose  this  electron  to  produce  the  positive  lithium  ion. 
The  fourth  element,  beryllium,  must  have  four  planetary  elec¬ 
trons,  of  which  two  are  in  the  first  shell,  and  two  more  are  in 
the  second  shell.  Thus  this  element  may  lose  two  electrons  to 
produce  the  ion  having  two  positive  charges.  Boron  is  the  fifth 
element  and  outside  its  nucleus  there  are  five  electrons,  three 
of  which  are  in  the  second  shell.  In  a  like  manner  the  sixth  ele¬ 
ment,  carbon,  has  four  electrons  in  the  second  shell;  nitrogen, 
the  seventh  element,  has  five  electrons  in  the  second  shell; 
oxygen,  the  eighth  element,  has  six  electrons  in  the  second 
shell;  and  fluorine,  the  ninth  element,  has  seven  electrons  in 
the  second  shell.  The  next,  or  tenth,  element,  neon,  must  have 
eight  electrons  in  the  second  shell,  and  here  again  we  find  a 
completely  inert  gas.  It  must  be  that  when  the  second  shell  of 
electrons  contains  eight  it  is  full  and  quite  stable. 

The  diagram  of  each  of  these  atoms  is  shown  in  Figure  38. 

Element  number  eleven  is  sodium  and  here  again  we  find 
an  element  which  possesses  great  reactivity.  It  easily  loses  one 
electron  to  form  the  positive  sodium  ion  and  thus  we  assume 
that  this  single  electron  is  in  a  shell  still  farther  away  than 
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the  second  shell.  The  atoms  of  the  elements  next  in  order  are 
pictured  as  being  built  up  in  a  way  similar  to  that  described 
above.  Each  succeeding  element  has  one  additional  electron 
and  this  is  placed  in  the  third  shell.  When  the  eighteenth  ele¬ 
ment  has  been  reached  this  third  shell  contains  eight  electrons 
also  and  we  find  this  element  to  be  another  inert  gas  which  is 
argon.  Figure  39  shows  these  atoms. 

Chemical  Combinations.  Let  us  refer  to  the  elements  whose 
structures  have  been  pictured  and  consider  each  of  them  in 
the  light  of  its  valence.  Those  which  come  immediately  after 
the  inert  gases  tend  to  lose  the  electrons  which  are  in  the  outer 
shell.  This  leaves  the  next  lower  shell  exposed  and  this  repre¬ 
sents  a  stable  or  inert  condition.  Thus  sodium  is  extremely  ac¬ 
tive  chemically  and  decomposes  water  with  great  rapidity. 
After  losing  its  single  outer  electron,  however,  it  becomes  inert 
in  the  form  of  the  sodium  ion.  Magnesium  burns  in  the  air  to 
give  a  brilliant  white  light,  but  in  the  form  of  its  compounds 
it  is  not  combustible.  The  two  outer  electrons  have  been  lost 
during  the  process  of  chemical  combination. 

On  the  other  hand  let  us  consider  fluorine  and  chlorine. 
These  two  elements  represent  the  most  active  nonmetallic 
elements.  Both  of  them  are  highly  poisonous  and  attack  most 
metals  with  great  rapidity.  However,  in  the  form  of  their  salts 
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Fig.  40.  Reaction  of  Sodium  with  Chlorine  to  Form  Sodium 

Chloride 

they  lose  both  of  these  properties  to  a  considerable  degree.  We 
notice  that  each  of  these  elements  possesses  atoms  which  lack 
a  single  electron  to  give  them  an  outer  shell  of  eight  electrons. 
It  seems  that  this  makes  them  so  reactive  and  that  as  soon  as 
they  gain  this  electron  from  something  else  they  are  entirely 
satisfied. 

Let  us  picture  the  formation  of  common  salt,  sodium  chlo¬ 
ride,  from  the  elements  sodium  and  chlorine.  It  has  been 
pointed  out  that  sodium  is  more  stable  after  losing  an  electron, 
and  chlorine  is  more  stable  after  gaining  an  electron.  By  bring¬ 
ing  these  two  elements  together  it  should  be  possible  to  satisfy 
each  of  them.  What  probably  happens  is  pictured  in  Figure 
40.  The  resulting  substance,  sodium  chloride,  dissolves  in  water 
to  give  sodium  ions  which  bear  a  single  positive  charge  and 
chlorine  ions  which  bear  a  single  negative  charge.  The  ions 
are  completely  inert  and  thus  we  feel  safe  in  assuming  that  each 
of  the  atoms  now  possesses  a  stable  arrangement  of  the  elec¬ 
trons.  This  explanation  begins  to  shed  light  upon  the  question 
of  chemical  combination  which  was  raised  earlier  when  it  was 
suggested  that  some  relationship  must  exist  between  electricity 
and  chemical  combination. 

Valence.  When  a  reaction  takes  place  between  sodium  and 
chlorine  it  involves  a  single  electron.  Thus  we  may  say  that 
each  of  these  elements  has  a  valence  of  one.  This  is  in  complete 
agreement  with  our  discussion  of  the  periodic  table.  If  mag¬ 
nesium  reacts  with  chlorine,  we  see  that  one  magnesium  atom 
may  furnish  two  electrons,  and,  since  one  chlorine  may  accept 
only  one  electron,  it  requires  two  chlorine  atoms  for  each 
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magnesium.  Thus  it  follows  that  magnesium  has  a  valence  of 
two.  Such  valences  in  which  an  electron  leaves  one  atom  and 
goes  to  another  are  called  polar  or  electrovalences. 

Certain  of  the  elements  may  combine  without  the  complete 
transfer  of  an  electron.  It  seems  that  the  attractive  forces  are 
not  enough  to  tear  the  electrons  away  from  either  of  the  re¬ 
acting  elements  and  as  a  result  they  each  share  a  number  of 


Fig.  41.  Structure  of  the  Ammonia  Molecule 


electrons.  Hydrogen  and  nitrogen  can  be  made  to  react  to 
form  the  gas  called  ammonia  (NH3).  After  the  reaction  the 
two  elements  do  not  exist  as  charged  ions  but  remain  together 
as  the  complete  molecule  of  the  new  compound.  We  assume 
that  this  represents  a  case  where  each  atom  has  a  stable  condi¬ 
tion  of  the  electrons  by  sharing  them  rather  than  by  a  trans¬ 
fer  of  them.  This  compound  may  be  represented  by  Figure 
41.  The  resulting  compound  contains  a  nitrogen  atom  which 
has  eight  electrons  in  the  outer  shell  and  contains  hydrogen 
atoms  which  have  two  electrons  in  their  outer  shell.  It  may 
be  remembered  that  in  the  case  of  helium  two  electrons  in  this 
shell  next  to  the  nucleus  represents  a  stable  condition.  Thus 
by  sharing  electrons  all  of  the  atoms  possess  a  stable  structure. 
Valences  of  this  type  in  which  electrons  are  shared  are  called 
nonpolar  or  covalences.  This  type  of  valence  is  encountered 
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with  those  elements  of  groups  3,  4,  and  5  which  lie  in  between 
the  two  extremes  of  expulsion  and  attraction  of  electrons. 

We  may  summarize  the  above  discussion  of  valence  with  a 
few  generalizations. 

1.  Those  elements  whose  atoms  contain  less  than  four  elec¬ 
trons  in  the  outside  shell  (the  metals)  tend  to  give  up  these 
electrons  to  the  nonmetal  with  which  they  react  so  that  the 
next  lower  shell  which  resembles  an  inert  gas  will  be  exposed. 
As  a  rule  this  results  in  a  polar  valence. 

2.  Those  elements  whose  atoms  contain  more  than  four 
electrons  in  the  outside  shell  (the  nonmetals)  tend  to  take 
up  electrons  from  the  metals  with  which  they  react  so  that 
they  will  complete  their  outside  shell  of  eight  electrons  and 
thus  resemble  the  next  higher  inert  gas. 

3.  Those  elements  whose  atoms  contain  three  to  five  elec¬ 
trons  in  the  outer  shell  tend  to  complete  their  outer  shells  by 
sharing  electrons  with  another  element.  As  a  rule  this  results 
in  a  nonpolar  valence. 

4.  The  numerical  value  of  a  polar  valence  shown  by  an 
atom  is  the  same  as  the  number  of  electrons  which  that  atom 
may  give  up  to  another  atom  or  take  from  another  atom. 

5.  The  numerical  value  of  a  nonpolar  valence  shown  by  an 
atom  is  the  same  as  the  number  of  electrons  which  the  atom 
contributes  to  the  sharing  process. 

Isotopes.  From  the  theory  of  atomic  structure  it  follows 
that  the  chemical  behavior  of  an  element  depends  almost  en¬ 
tirely  upon  the  number  of  electrons  in  the  outer  electron 
shell.  If  one  considers  the  elements  from  this  point  of  view  it 
makes  but  little  difference  what  the  weight  of  the  nucleus  is  or 
what  may  be  in  it.  Thus  it  should  be  possible  to  have  two  atoms 
with  an  identical  number  of  electrons  outside  the  nucleus 
and  an  identical  number  of  electrons  in  the  outer  shell  and 
yet  have  their  nuclei  of  different  weights.  Such  atoms  should 
have  identical  chemical  properties.  An  example  of  this  is  found 
in  the  atoms  of  chlorine.  It  has  been  definitely  shown  that  two 
weights  of  chlorine  atoms  exist  and  that  ordinary  chlorine  is 
a  mixture  of  these  two  kinds  of  atoms.  The  average  atomic 
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weight  is  35.46  as  shown  in  the  tables.  Diagrams  of  the  pro¬ 
posed  structure  for  these  differently  weighted  atoms  are  shown 
in  Figure  42.  Atoms  with  different  weights  but  with  identical 
electron  structures  are  called  isotopes.  A  great  many  elements 
have  been  shown  to  have  two  or  more  isotopes  and  it  is  mix¬ 
tures  of  these  which  occur  in  nature  and  which  have  been  used 
to  determine  atomic  weights.  Strangely  enough  it  seems  that 


Fig.  42.  There  are  Two  Weights  of  Chlorine  Atoms 

wherever  these  elements  are  found  in  nature  they  occur  as 
the  same  mixture  of  isotopes  and  thus  constant  values  are  ob¬ 
tained  for  their  atomic  weights. 

Most  of  us  have  read  something  of  heavy  hydrogen  (called 
deuterium  for  convenience)  and  the  water  which  contains 
atoms  of  this  heavy  isotope  of  hydrogen.  As  found  in  nature, 
one  atom  out  of  every  5000  atoms  of  hydrogen  has  an  atomic 
weight  which  is  twice  that  of  ordinary  hydrogen.  These  are 
chemically  almost  identical. 

RADIOACTIVITY 

In  1896,  Becquerel,  a  French  engineer  and  physicist,  dis¬ 
covered  that  uranium  compounds  give  off  something  which 
affects  a  photographic  plate.  Madame  Marie  Curie  and  her 
husband,  Professor  Pierre  Curie,  began  to  investigate  the  ores 
of  uranium  and  they  found  other  substances  which  were  even 
more  active  toward  a  photographic  plate  than  is  uranium. 
They  discovered  the  elements  polonium  and  radium. 
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Soon  after  the  discovery  of  radium  it  was  observed  to  pro¬ 
duce  three  different  things  spontaneously .  Two  of  these  ap¬ 
peared  to  consist  of  electrically  charged  particles  with  definite 
masses.  By  means  of  magnetic  fields  and  electrically  charged 
plates  these  two  kinds  of  particles  were  separated.  One  of  them 
was  helium.  These  particles  were  at  first  charged  like  ions  and 
may  be  represented  as  He++.  Such  particles  which  are  given 
off  from  radium  are  called  alpha  particles.  These  are  literally 
blown  out  of  radium  at  a  speed  of  about  20,000  miles  per 
second.  They  hit  so  many  molecules  in  the  air,  as  soon  as  they 
leave  the  radium,  that  they  travel  only  about  eight  centimeters 
before  being  stopped  completely.  Somewhere  along  this  path 
they  pick  up  two  electrons,  which  is  all  they  need  to  become 
ordinary  atoms  of  helium. 

Another  kind  of  particle  emitted  from  radium  is  found  to 
have  a  charge  of  negative  electricity.  These  became  known 
as  beta  particles  and  are  now  proved  to  be  electrons.  Some  of 
these  travel  as  fast  as  180,000  miles  per  second  which  is  almost 
the  speed  of  light.  These  are  moving  so  fast  that  it  takes  more 
to  stop  them  than  it  does  for  the  alpha  particle.  They  may 
pass  through  one  centimeter  of  water,  or  one  millimeter  of  lead 
before  coming  to  rest,  or  at  least  before  they  lose  their  indi¬ 
vidual  force. 

The  third  thing  produced  by  the  spontaneous  decomposi¬ 
tion  of  radium  has  been  called  the  gamma  ray.  This  has  been 
shown  to  consist  of  very  short  x-rays.  Since  x-rays  are  not 
charged  with  electricity  they  are  not  affected  by  a  magnet. 

This  spontaneous  decomposition  of  radium  is  similar  to  a 
decomposition  which  takes  place  with  a  number  of  other  ele¬ 
ments  such  as  uranium,  thorium,  polonium,  and  actinium. 
Each  of  these  decomposes  with  the  production  of  alpha  par¬ 
ticles,  electrons,  and  short  x-rays.  The  process  has  come  to  be 
known  as  radioactivity .  Attempts  to  slow  it  down  or  to  speed 
it  up  have  failed.  Studies  made  have  shown  that  after  a  bit 
of  radium  decomposes  it  no  longer  is  radium.  The  particles 
which  come  off  of  radium  are  the  results  of  explosions  of  the 
atomic  nucleus.  A  definite  part  of  the  nucleus  leaves.  This  part, 
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in  the  case  of  radium,  is  the  charged  helium  atom  and  the  part 
which  remains  behind  is  the  gas  called  radon.  This  is  an  ele¬ 
ment  in  the  zero  group  of  the  periodic  table.  Radium  decom¬ 
poses  very  slowly  as  first  one  and  then  another  atom  “  blows 
up.”  In  about  1700  years  any  given  amount  of  radium  will  be 
half  gone.  It  will  then  take  another  1700  years  for  half  of  the 
remainder  to  decompose. 

From  radon  we  find  a  series  of  substances,  each  produced 
from  another  by  decomposition  which  at  the  same  time  liber¬ 
ates  an  alpha  particle  or  an  electron.  Finally,  a  form  of  lead 
results  and  the  decomposition  ceases.  It  has  been  established 
that  radium  results  from  the  decomposition  of  uranium  through 
another  series  of  decomposing  substances.  In  all,  there  are  some 
thirteen  different  radioactive  elements  which  are  formed  after 
uranium  decomposes  and  before  the  end  product,  lead,  is  pro¬ 
duced. 

Transmutations.  The  old  idea  of  the  alchemist  was  to  pro¬ 
duce  gold  from  lead  and  other  less  expensive  elements.  So  vio¬ 
lent  was  the  reaction  against  the  fraud  of  the  alchemist  that 
even  the  thought  of  transmutation  fell  into  the  discard  along 
with  the  alchemist  himself.  It  was  impossible;  why  think  of  it? 
In  radium  and  the  other  radioactive  elements  we  see  conclu¬ 
sive  evidence  that  one  element  may  change  into  another.  In 
order  that  this  may  be  done  it  is  necessary  that  something  hap¬ 
pen  to  the  nucleus  of  the  atom.  In  all  of  the  spontaneous 
changes  which  have  been  mentioned  the  nucleus  explodes  and 
ejects  electrically  charged  particles.  The  reversal  of  this  proc¬ 
ess  has  been  thought  possible. 

If  an  electrically  charged  particle  could  be  forced  to  strike 
the  nucleus  of  an  atom  it  could  possibly  “  fuse  ”  with  the  nu¬ 
cleus  and  thus  produce  a  new  atom.  Such  an  atom  could  have 
different  chemical  properties  from  the  old  atom.  The  thing  to 
do  would  be  to  shoot  charged  particles  at  the  nucleus  of  an 
atom  and  see  what  happens.  It  must  be  remembered,  however,, 
that  shooting  at  a  nucleus  is  one  thing  and  hitting  it  is  another. 
The  nucleus  occupies  such  a  minute  part  of  the  total  volume 
of  the  atom  that  only  one  out  of  possibly  millions  of  “  bullets  ” 
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could  score  a  direct  hit.  The  best  of  scientists  have  long  con¬ 
sidered  this  possibility  as  worth  trying. 

Rutherford  succeeded  in  bombarding  nitrogen  atoms  with 
alpha  particles  some  twenty  years  ago.  He  obtained  proof  of 
the  formation  of  a  few  protons.  He  imagined  that  these  were 
shot  out  of  the  atom  nuclei  in  much  the  same  fashion  as  a  small 
boy  may  shoot  a  marble  out  of  a  ring.  Ten  years  later  this  work 
was  repeated  and  it  was  shown  that  when  the  proton  was  re¬ 
moved  from  the  nucleus  there  remained  an  isotope  of  oxygen 
with  a  mass  of  17.  We  may  write  this  in  the  form  of  an  equa¬ 
tion. 

He4  +  N14  ->  O17  +  H1  +  energy 

The  superscript  indicates  the  atomic  weight  of  the  atom  con¬ 
cerned. 

This  discovery  added  new  interest  to  the  study  of  transmu¬ 
tation.  Other  “  bullets  ”  for  piercing  the  atom  were  sought. 
Besides  the  alpha  particles  obtained  from  radioactive  disinte¬ 
gration  of  various  elements  there  are  four  available  means  for 
this.  Electrons  may  be  obtained  from  radioactive  elements, 
from  heated  substances,  and  from  vacuum  tubes  similar  to 
x-ray  tubes.  Protons  may  be  obtained  from  vacuum  tubes  con¬ 
taining  a  trace  of  hydrogen.  When  the  current  passes  through 
the  tube  the  protons  stream  toward  the  negative  electrode  and 
strike  a  thin  metallic  window  which  permits  them  to  pass  out 
of  the  tube.  Neutrons  are  produced  during  the  bombardment 
of  beryllium  and  a  few  other  elements  by  alpha  particles.  These 
neutrons  are  uncharged  and  hence  may  approach  the  positive 
nucleus  of  an  atom  without  electrical  repulsion.  Deuterons 
are  the  nuclei  of  heavy  hydrogen  atoms.  These  may  be  pro¬ 
duced  in  a  fashion  similar  to  that  used  to  produce  protons. 

Atom  Smashers.  In  order  to  give  the  atom-piercing  par¬ 
ticles  all  of  the  energy  possible,  Lawrence  and  his  helpers  at 
the  University  of  California  have  devised  what  they  call  a 
cyclotron.  This  instrument  employs  a  gigantic  magnet  which 
causes  the  “  bullets  ”  to  travel  in  a  circular  path  while  they  are 
given  ever-increasing  speeds  by  the  oscillation  of  an  electrical 
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field.  When  the  particles  attain  energy  corresponding  to  what 
they  would  have  after  falling  through  about  5,000,000  volts 
they  are  thrown  out  of  the  circular  path  and  leave  the  mag¬ 
netic  field.  If  one  of  these  particles  hits  an  atomic  nucleus  it  is 
apt  to  penetrate  it  and  become  indistinguishable  from  the  rest 
of  the  nucleus. 

As  an  example,  let  us  consider  the  case  of  the  bombardment 
of  nitrogen  atoms  by  rapidly  moving  neutrons  as  done  by 
Harkins  of  the  University  of  Chicago.  The  nucleus  of  the  ni¬ 
trogen  atom  with  a  mass  of  14  is  struck  by  a  neutron  with  a 
mass  of  1 .  These  fuse  together  and  a  nitrogen  atom  with  a  mass 
of  15  (an  isotope  of  ordinary  nitrogen)  results.  Although 
nitrogen  1 5  isotopes  exist  in  nature  as  stable  atoms  the  nitrogen 
15  isotopes  formed  by  this  method  are  unstable  and  explode 
to  produce  atoms  of  boron  and  atoms  of  helium. 

N14  +  n1  ->  N15  ->  B11  +  He4 

Induced  Radioactivity.  In  1934,  Irene  Curie,  together  with 
her  husband,  Frederic  Joliot,  reported  the  discovery  that  the 
elements  boron,  magnesium,  and  aluminum  become  radioactive 
after  being  bombarded  with  alpha  particles.  This  radioactivity 
persists  for  spme  little  time  after  the  bombardment  ceases. 
Fermi  and  his  helpers  in  Italy  carried  this  work  further  and 
showed  that  more  than  forty  different  elements  may  be  made 
radioactive  by  bombardment  with  neutrons.  This  change  with 
phosphorus  is  shown. 

psi  +  ni  Al28  +  He4 

The  aluminum  with  mass  28  is  unstable  and  it  emits  an  elec¬ 
tron  from  the  nucleus. 

Al28  — ■»  Si28  4-  electron 

This  emission  of  an  electron  by  the  isotope  of  aluminum  con¬ 
stitutes  the  radioactivity  of  this  substance.  It  is  quite  similar 
to  the  change  which  occurs  with  some  of  the  regular  radio¬ 
active  elements. 
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An  interesting  possibility  for  the  use  of  artificial  radioac¬ 
tivity  has  been  suggested.  If  common  salt  is  bombarded  with 
neutrons  it  produces  atoms  of  radioactive  sodium. 

Na23  +  n1  ->  Na24 

This  isotope  of  sodium  is  radioactive  and  begins  to  decompose 
by  ejecting  an  electron  from  the  nucleus.  Magnesium  results. 

Na24  — >  Mg24  -1-  electron 

The  emission  of  electrons  by  the  bombarded  salt  rapidly  de¬ 
creases  after  about  1 5  hours.  Since  it  is  the  electrons  given  off 
from  radium  which  are  desired  in  treating  cancer  it  is  possible 
to  use  radioactive  sodium  in  place  of  radium  for  these  treat¬ 
ments.  The  radiations  from  sodium  would  not  continue  for 
long  periods  of  time  and  hence  could  not  harm  normal  tissue 
as  does  radium. 

This  brief  discussion  of  radioactivity  and  transmutation 
may  give  a  little  idea  of  what  is  going  on  in  the  field  of  nuclear 
physics  and  chemistry.  The  subject  is  much  too  vast  to  at¬ 
tempt  further  understanding  at  this  time. 

SUMMARY 

The  chemical  properties  of  an  element  are  closely  related  to 
the  position  of  that  element  in  the  periodic  table.  The  tend¬ 
encies  of  elements  to  form  ions  as  well  as  the  charges  of  the 
ions  are  likewise  related  to  this  position. 

Electrons  flow  from  the  negative  electrode  toward  the  posi¬ 
tive  electrode  in  evacuated  tubes  which  are  connected  to  a 
source  of  high  voltage  electricity.  The  same  sort  of  electrons 
are  emitted  by  hot  metals,  or  by  metals  subjected  to  x-rays, 
and  by  radium.  Electrons  bear  a  charge  of  negative  elec¬ 
tricity. 

Positively  charged  particles  flow  toward  the  negative  elec¬ 
trode  during  the  operation  of  a  vacuum  tube.  These  have 
masses  which  depend  upon  the  gas  which  remains  in  the  tube. 

X-rays  are  produced  when  high-speed  electrons  strike  a 
metal  target.  The  wave  length  and  frequency  of  these  x-rays 
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is  determined  by  the  metal  of  which  the  target  is  composed. 
By  arranging  the  elements  in  the  order  of  the  increasing  fre¬ 
quency  of  the  emitted  x-rays,  Moseley  devised  the  system  of 
atomic  numbers.  This  follows  the  order  used  in  the  periodic 
table. 

Rutherford  calculated  the  charge  on  the  nucleus  of  certain 
atoms  by  measuring  the  deflection  of  alpha  particles  as  they 
passed  through  thin  sheets  of  metals. 

As  alpha  particles  pass  through  air  they  bring  about  the  ioni¬ 
zation  of  many  thousands  of  molecules.  These  ions  serve  as 
condensation  points  for  moisture  in  saturated  air.  Under  cer¬ 
tain  conditions  each  alpha  particle  leaves  a  string  of  fog  to 
mark  its  path. 

The  modern  concept  of  the  atom  suggests  that  practically 
all  of  the  mass  of  an  atom  is  concentrated  in  a  small  nucleus 
which  is  surrounded  by  planetary  electrons.  These  electrons 
are  assumed  to  move  in  special  orbits.  The  chemical  properties 
of  an  element  depend  upon  the  number  and  arrangement  of 
these. 

The  nucleus  is  assumed  to  be  composed  of  protons  and  neu¬ 
trons.  The  number  of  protons  is  equal  to  the  atomic  number 
and  to  the  number  of  external  electrons. 

Chemical  combinations  occur  because  of  electron  transfer 
between  two  elements  or  because  of  electron  sharing  between 
two  elements.  The  combining  number  of  an  element  is  equal 
to  the  number  of  electrons  transferred  or  to  the  number  of 
electrons  contributed  to  the  sharing  process.  Electron  trans¬ 
fer  results  in  a  polar  or  electrovalence.  Electron  sharing  results 
in  a  nonpolar  or  covalence. 

Elements  which  have  atomic  numbers  just  smaller  than  the 
rare  gases  tend  to  accept  electrons,  and  elements  with  atomic 
numbers  just  larger  than  the  rare  gases  tend  to  donate  electrons 
during  chemical  union.  Those  elements  in  between  these  two 
extremes  tend  to  form  covalent  linkages. 

Two  elements  with  the  same  atomic  numbers  have  the  same 
number  of  planetary  electrons.  The  number  of  neutrons  in 
their  nuclei  will  differ.  These  elements  will  have  different 
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atomic  weights  but  the  same  chemical  properties.  They  are 
called  isotopes. 

Radioactive  elements  decompose  spontaneously  with  the 
emission  of  alpha  particles,  beta  particles,  and  gamma  rays. 
These  are  charged  helium  atoms,  electrons,  and  x-rays  respec¬ 
tively.  There  is  a  series  of  elements  formed  during  ordinary 
radioactive  decay. 

High-speed  particles  such  as  alpha  particles,  electrons,  neu¬ 
trons,  protons,  and  deuterons  have  been  directed  toward  the 
atoms  of  elements.  This  has  resulted  in  the  transmutation  of 
some  of  these  into  other  elements.  The  new  nucleus  formed  as 
a  result  of  the  collision  appears  to  undergo  a  partial  disinte¬ 
gration.  This  type  of  experimentation  has  led  to  induced  radio¬ 
activity. 


REVIEW  QUESTIONS 

1.  For  what  reason  do  we  assume  the  ions  of  the  metallic  ele¬ 
ments  to  be  charged  positively? 

2.  What  two  types  of  particles  are  produced  during  an  elec¬ 
trical  discharge  through  a  partially  evacuated  tube? 

3.  What  gives  rise  to  the  production  of  x-rays  in  an  x-ray  tube? 

4.  What  is  the  basis  of  the  atomic  numbers  assigned  by 
Moseley? 

5.  What  led  Rutherford  to  propose  the  nuclear  idea  of  the 
atom? 

6.  Why  are  the  electrons  which  surround  the  nucleus  called 
planetary  electrons? 

7.  What  are  the  relative  sizes  of  protons,  electrons,  and  atoms? 

8.  What  sort  of  particle  does  the  neutron  appear  to  be? 

9.  Draw  diagrams  to  represent  the  atoms  with  atomic  numbers 
from  1  to  10. 

10.  How  does  the  idea  of  eight  electrons  in  the  outer  shell  of  an 
atom  seem  to  fit  the  facts  brought  out  by  the  periodic  table? 

11.  Describe  the  union  of  sodium  and  chlorine  atoms  in  terms 
of  our  modern  theory.  Do  the  same  for  the  union  of  magnesium 
and  bromine  atoms. 

12.  What  name  do  we  give  the  valence  forces  between  the 
sodium  and  chlorine  in  a  molecule  of  sodium  chloride? 
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13.  Describe  the  union  of  hydrogen  and  nitrogen  atoms  to  form 
ammonia.  What  name  do  we  give  to  these  valence  forces? 

14.  What  do  we  mean  by  isotopes?  What  is  the  relationship  of 
their  properties? 

15.  Try  to  formulate  a  definition  of  an  element  on  the  basis  of 
the  Dalton  theory.  Do  this  also  in  the  light  of  our  modern  knowl¬ 
edge. 

16.  What  happens  to  an  atom  when  it  undergoes  radioactive 
disintegration? 

17.  What  is  the  nature  of  each  of  the  three  kinds  of  radiation 
emitted  by  the  radioactive  elements? 

18.  What  are  alpha  and  beta  particles? 

19.  What  may  happen  to  an  atom  nucleus  which  is  struck  by 
a  rapidly  moving  particle? 

20.  Why  must  we  discard  the  idea  that  the  transmutation  of 
elements  is  impossible? 

21.  Why  may  radioactive  sodium  become  useful?  How  is  it 
prepared? 

22.  List  some  contribution  made  by  each  of  the  following  peo¬ 
ple.  Madame  Curie,  Rutherford,  Becquerel,  Fermi,  Irene  Curie, 
Joliot,  Moseley. 

23.  Who  discovered  deuterium?  What  is  its  relation  to  hy¬ 
drogen? 
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SALT:  PRODUCTS  OF 
ELECTROLYSIS 


We  have  seen  (Chapter  14)  that  the  passage  of  an  electric 
current  through  a  solution  of  a  salt  causes  a  deposit  of  elements 
at  the  electrodes.  Thus,  copper,  gold,  silver,  and  hydrogen  as 
well  as  many  other  elements  may  be  set  free  from  their  com¬ 
pounds  in  this  manner.  From  the  study  of  electronic  structure 
it  becomes  apparent  that  the  process  of  electrolysis  involves 
the  restoration  of  electrons  to  the  positively  charged  ions  and 
the  removal  of  electrons  from  the  negatively  charged  ions.  If 
a  solution  contains  more  than  one  kind  of  positive  ions  it  natu¬ 
rally  follows  that  the  one  which  most  easily  accepts  electrons 
from  the  negative  electrode  will  be  the  first  to  be  released  as 
the  element.  We  may  get  some  idea  of  this  relative  “  affinity  ” 
for  electrons  if  we  recall  the  method  for  preparing  hydrogen 
from  acids  by  the  addition  of  an  active  metal.  If  zinc  is  placed 
in  a  solution  of  hydrochloric  acid  the  zinc  gives  up  electrons: 
to  the  hydrogen  ions  of  the  solution. 

Zn  +  2H+  ->  H2  +  Zn++ 

From  this  we  may  conclude  that  hydrogen  ions  will  combine 
with  electrons  more  readily  than  will  zinc  ions. 

If  sodium  is  placed  on  water  there  is  a  rapid  reaction  which 
results  in  the  evolution  of  hydrogen  and  the  formation  of 
sodium  hydroxide  in  the  solution.  It  is  easy  to  account  for 
this  behavior  since  all  water  solutions  contain  hydrogen  ions 
which  will  accept  electrons  if  some  source  of  electrons  is 
available.  Since  sodium  atoms  give  up  electrons  with  relative 
ease,  it  is  not  surprising  that  they  force  the  hydrogen  ions  to 
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accept  electrons.  Just  as  soon  as  a  hydrogen  ion  gains  an  elec¬ 
tron,  it  becomes  a  gas  and  must  behave  as  such.  The  hydrogen 
ions  are  furnished  by  the  water  which  ionizes. 

H20  H+  +  OH- 

The  OH-  ions  which  remain  in  solution  after  the  release  of 
some  of  the  hydrogen  ions  cause  the  water  to  become  quite 
alkaline  since  the  sodium  ions  do  not  produce  acids  as  do  hy¬ 
drogen  ions.  The  reaction  of  sodium  with  water  may  be  writ¬ 
ten  as 

Na  +  H+  +  OH”  ->  Na+  +  OH“  +  H 
2H  — *  H2 

As  fast  as  the  hydrogen  ions  are  removed  from  solution  more 
of  them  are  formed  by  the  ionization  of  more  water  molecules. 
Evaporation  of  the  remaining  water  will  leave  solid  sodium 
hydroxide. 

Electrolysis  of  Salt.  If  a  solution  of  sodium  chloride  is 
subjected  to  electrolysis,  by  means  of  carbon  electrodes  con¬ 
nected  to  an  electric  battery  or  to  an  electric  generator,  the 
products  are  those  which  we  would  expect.  The  battery,  or 
generator,  serves  as  an  electron  “  pump  ”  which  removes  elec¬ 
trons  from  the  positive  electrode  and  supplies  electrons  to  the 
negative  electrode.  Those  ions  in  solution  which  can  be  forced 
to  take  electrons  by  the  electric  pressure  (voltage)  which  is 
applied  will  do  so  and  become  the  free  element.  The  salt  solu¬ 
tion  contains  both  sodium  ions  and  hydrogen  ions.  But,  since 
sodium  can  force  hydrogen  ions  to  accept  electrons,  it  follows 
that  only  hydrogen  ions  will  take  up  electrons  under  these  con¬ 
ditions.  Thus  during  the  electrolysis  only  hydrogen  will  be 
released  at  the  negative  electrode  (cathode).  For  every  hy¬ 
drogen  ion  which  is  so  changed  there  will  remain  in  solution  an 
hydroxyl  (OH-)  ion  since  these  are  formed  from  water  in 
equal  numbers. 

Let  us  consider  the  positive  electrode  and  the  changes  which 
occur  there  during  electrolysis.  The  negatively  charged  ions 
which  are  present  in  the  solution  are  given  a  chance  to  give  up 
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Fig.  43.  Battery  of  Electrolytic  Chlorine  Cells 

their  extra  electrons  and  become  the  free  atoms  of  the  element. 
If  any  current  at  all  flows  through  the  solution  some  of  the 
negative  ions  are  forced  to  give  up  their  extra  electrons.  Those 
ions  which  give  up  these  electrons  most  easily  are  the  ones 
which  will  be  changed  to  the  free  element.  The  negative  ions 
present  in  a  salt  solution  are  chloride  ions  (Cl-)  and  hydroxyl 
ions  (OH-).  Of  these,  the  chloride  ions  will  give  up  electrons 
more  easily.  Thus  chlorine  is  released  at  the  positive  electrode 
(anode)  and  appears  as  a  gas. 

Formation  of  Sodium  Hydroxide.  It  has  been  indicated 
above  that  the  sodium  ions  and  the  hydroxyl  ions  remain  in 
solution  during  the  electrolysis  of  sodium  chloride  in  water. 
This  solution  which  remains  is  highly  caustic  and,  if  the  water 
is  evaporated,  the  solid  sodium  hydroxide  (NaOH)  is  ob¬ 
tained. 

Reaction  of  Chlorine  with  Sodium  Hydroxide.  The 
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chlorine  which  is  formed  at  the  positive  electrode  (anode)  is 
slightly  soluble  in  water.  As  a  result,  some  of  it  comes  into 
contact  with  the  sodium  hydroxide  which  is  present.  These 
substances  react  to  form  sodium  hypochlorite  (NaOCl)  which 
is  very  useful  as  a  germicide  and  bleaching  agent. 

2NaOH  +  Cl2  ->  NaOCl  +  NaCl  +  H20 

However,  if  chlorine  and  sodium  hydroxide  are  desired  it  is 
necessary  that  these  two  substances  be  kept  apart.  Special 
equipment  has  been  designed  to  accomplish  this. 

Thus,  from  the  electrolysis  of  a  cold  solution  of  salt  we  may 
obtain  four  distinct  substances.  At  the  positive  electrode 
(anode)  chlorine  gas  is  evolved;  at  the  negative  electrode 
(cathode)  hydrogen  gas  is  evolved;  in  the  water  solution 
sodium  hydroxide  is  formed;  if  the  chlorine  is  permitted  to 
mix  with  the  solution  sodium  hypochlorite  is  formed. 

Sodium  Hydroxide.  The  importance  of  sodium  hydroxide 
is  indicated  by  the  fact  that  more  than  800,000  tons  of  it  are 
consumed  within  the  United  States  each  year.  These  uses  are 
quite  widely  distributed  as  will  be  seen  from  the  partial  list. 

Soap  104,000  tons  Lye  46,000  tons 

Rayon  and  pho¬ 
tographic  film  174,000  ”  Paper  and  pulp  46,000  ” 

Chemicals  130,000  ”  Textiles  (and  mer¬ 

cerized  cotton)  43,000  ” 
Petroleum  Rubber  reclama- 

refining  95,000  ”  tion  13,000  ” 

While  sodium  hydroxide  is  relatively  expensive  when  com¬ 
pared  with  other  alkaline  substances  (lime,  sodium  carbonate) 
which  are  used  by  industry,  it  finds  the  use  it  does  because  it 
is  such  a  strong  base.  That  is,  it  is  very  soluble  in  water  and  it 
gives  a  high  concentration  of  hydroxyl  ions  (OH-)  in  the 
solution.  Soap  is  produced  by  heating  animal  or  vegetable  fats 
with  such  a  solution.  Sulfur  compounds  which  naturally  occur 
in  petroleum  are  carried  over  into  the  gasoline.  Their  odor,  as 
they  come  from  the  automobile  exhaust,  would  make  Sunday 


Fig.  44.  Loading  Tank  Cars  with  Sodium  Hydroxide  Solution 

driving  intolerable.  The  use  of  sodium  hydroxide  during  the 
refining  process  aids  in  the  removal  of  these  compounds.  In 
the  manufacture  of  much  of  the  gasoline  today  there  is  pro¬ 
duced  a  considerable  amount  of  gum-forming  materal  which 
tends  to  clog  the  carburator  if  it  is  not  removed.  The  removal 
of  this  is  accomplished  through  the  use  of  sulfuric  acid.  The 
acid  is  then  removed  with  sodium  hydroxide.  Most  of  the 
rayon  manufactured  is  produced  by  the  viscose  process  in 
which  cellulose  (cotton  fiber  or  wood  fiber)  is  treated  with 
sodium  hydroxide  and  carbon  disulfide.  Cotton  thread  which 
has  been  treated  with  sodium  hydroxide  solution  and  then 
stretched  to  dry  is  said  to  be  mercerized.  It  is  stronger  and  has 
greater  luster  than  the  original  fibers. 

Sodium  Carbonate.  Long  before  the  discovery  of  electro¬ 
lytic  sodium  hydroxide,  another  alkaline  material,  sodium  car¬ 
bonate  (Na2C03),  was  produced  from  salt.  Prior  to  the  latter 
part  of  the  eighteenth  century  the  only  source  of  alkali  was  a 
natural  deposit  of  sodium  carbonate  which  occurred  along  the 
shores  of  certain  lakes  in  Egypt.  This  material  was  much 
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needed  in  the  manufacture  of  glass  and  soap.  During  the  wars 
of  the  time  the  French  had  trouble  getting  the  amounts  of  this 
substance  they  desired  and  they  offered  a  prize  to  anyone  who 
would  devise  a  method  for  its  production  from  salt.  They  were 
sure  that  this  was  possible  since  salt  and  sodium  carbonate 
each  contained  the  element  sodium.  A  chemist  by  the  name  of 
Leblanc  solved  the  problem.  Instead  of  receiving  the  prize, 
Leblanc  saw  his  small  factory  confiscated  by  the  Committee 
of  Public  Safety.  The  process  was  later  carried  to  England 
where  it  was  improved  and  used  for  more  than  fifty  years. 

The  Solvay  Process.  Another  process  for  the  manufacture 
of  sodium  carbonate  from  salt  was  proposed  by  Fresnel  as  early 
as  1811.  He  suggested  the  reaction  between  sodium  chloride 
and  ammonium  bicarbonate. 

NaCl  +  NH4HCO3  ->  NaHCOs  +  NH4C1 

The  sodium  bicarbonate  (NaHCOg)  is  not  very  soluble  in 
water  and  would  be  expected  to  precipitate  out  as  a  solid. 
Sodium  carbonate  may  be  prepared  from  it.  Compounds  of 
ammonia  were  extremely  scarce  in  those  days  and  the  proposed 
method  was  not  accepted. 

In  1863,  a  Belgian  chemist,  Ernest  Solvay,  developed  this 
process  and  made  it  work  satisfactorily.  The  sodium  carbonate 
so  produced  was  purer  than  that  made  by  the  Leblanc  method 
and  it  was  much  cheaper.  He  started  with  a  saturated  solution 
of  salt  in  water.  Into  this  was  passed  ammonia  gas  as  long  as  it 
would  be  dissolved.  The  ammonia  was  obtained  by  the  distilla¬ 
tion  of  coal  though  at  the  present  time  it  is  made  largely  by  a 
synthetic  process.  Into  the  solution  which  was  saturated  with 
salt  and  ammonia  he  then  passed  carbon  dioxide.  This  he  ob¬ 
tained  from  the  heating  of  limestone  (CaC03). 

CaC03  — >  C02  +  CaO  (quicklime) 

The  solution  was  kept  cold  as  the  carbon  dioxide  bubbled  in 
and  the  sodium  bicarbonate  precipitated.  We  may  represent 
the  total  reaction  with  an  equation. 

NaCl  +  NH3+C02+H20  — >NaHC03  (sodium  bicarbonate)  +  NH4C1 
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Fig.  45.  Aerial  Tramway  for  the  Delivery  of  Limestone 

The  limestone  is  carried  almost  eight  miles  for  use  in  the  manufacture  of 

soda  ash. 


The  precipitated  sodium  bicarbonate  is  easily  converted  to 
sodium  carbonate  by  heating. 

2NaHC03  ->  Na2C03  +  H20  +  C02 


The  sodium  carbonate  so  prepared  is  exceptionally  pure. 

This  Solvay  process  has  been  quite  successful.  If  we  examine 
the  various  steps  carefully  some  of  the  reasons  for  its  success 
will  become  apparent.  The  carbon  dioxide  used  in  the  process 
comes  from  cheap  limestone  from  which  it  is  produced  by 
heating  in  a  furnace  known  as  a  kiln.  There  is  some  sale  for 
the  extra  lime  as  a  building  material  and  as  a  cheap  source  of 
alkali.  The  ammonia  necessary  is  usually  obtained  as  a  by¬ 
product  in  the  manufacture  of  fuel  gas  and  coke  from  coal. 
After  the  formation  of  the  sodium  bicarbonate  this  ammonia 
appears  in  solution  as  ammonium  chloride  and  as  such  is  of  no 
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Fig.  46.  Calcium  Carbonate  in  the  Form  of  Oyster  Shells 

Millions  of  tons  of  these  shells  are  available  for  use  in  the  manufacture 

of  lime. 

further  use  to  the  process.  However,  by  treating  this  solution 
with  the  lime,  formed  during  the  preparation  of  the  carbon 
dioxide,  the  ammonia  is  released  and  may  be  fully  recovered 
for  use. 

2NH4C1  +  Ca(OH)2  — >2NH3  +  2H20  +  CaCl2  (calcium  chloride) 

Since  the  ammonia  is  the  most  expensive  substance  used  in  this 
process  it  is  quite  important  that  it  be  recovered.  Since  the  so¬ 
dium  bicarbonate  produced  is  quite  pure  there  is  little  expense 
of  purification  involved.  The  carbon  dioxide  which  is  released 
when  the  bicarbonate  is  heated  finds  its  way  back  into  the 
process  and  is  used  over  again.  The  only  thing  involved  in  the 
entire  process  which  does  not  find  ready  use  or  sale  is  the  cal¬ 
cium  chloride.  This  substance  absorbs  moisture  from  the  air 
and  becomes  liquid  as  a  solution.  Because  of  this  it  finds  a  small 
sale  to  keep  down  dust  on  roads  and  in  mines. 

Baking  Powder.  Some  of  the  sodium  bicarbonate  is  sold  to 
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Fig.  47.  Flow  Chart  of  Solvay  Soda  Process 
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producers  of  baking  soda  who  sell  it  for  household  use.  This 
sells  at  retail  for  only  a  few  cents  per  pound.  Hence  the  proc¬ 
esses  involved  in  its  manufacture  must  be  easily  carried  out 
and  quite  inexpensive.  The  principal  use  of  the  baking  soda  is 
that  of  an  aerating  agent  in  baking  (putting  the  bubbles  in 
bread  and  rolls).  If  an  acid  comes  into  contact  with  sodium 
bicarbonate  it  reacts  to  form  carbon  dioxide.  The  liberation 
of  carbon  dioxide  within  the  dough  causes  small  bubbles  to 
form  and  when  these  are  heated,  they  expand  to  give  the  porous 
structure  to  the  baked  breadstuff.  Baking  powder  contains 
sodium  bicarbonate  mixed  with  some  solid  which  acts  as  an 
acid  when  dissolved  in  water.  This  acid  may  be  cream  of 
tartar,  which  is  potassium  acid  tartrate,  or  it  may  be  an  acid 
phosphate  such  as  NaH2P04.  Some  types  of  baking  powder 
contain  sodium  aluminum  sulfate  which  reacts  with  water  to 
form  a  very  little  sulfuric  acid. 

2NaAl(S04)2  +  6H20  Na2S04  +  2A1(0H)3  +  3H2S04 

The  small  amount  of  acid  formed  reacts  with  the  bicarbonate 
to  form  carbon  dioxide. 

H2S04  +  NaHC03  ->  NaHS04  +  H20  +  C02 

Baking  powder  must  be  kept  very  dry,  and  so  some  substance 
such  as  starch  or  flour  is  usually  mixed  with  it  to  help  accom¬ 
plish  this. 

Electrolytic  Process.  The  newest  method  for  the  prepa¬ 
ration  of  sodium  carbonate  is  the  electrolytic  process.  The 
sodium  hydroxide  produced  by  the  electrolysis  of  a  salt  solu¬ 
tion  is  treated  with  carbon  dioxide.  This  converts  the  hydrox¬ 
ide  to  the  carbonate. 

C02  +  2NaOH  ->  Na2C03  +  H20 

In  this  process  they  do  not  bother  to  get  out  the  sodium  hy¬ 
droxide  but  simply  add  carbon  dioxide  to  the  solution  during 
the  electrolysis.  The  cost  of  electrical  energy  in  most  areas  of 
the  United  States  prevents  the  greater  use  of  this  method. 

Uses  of  Sodium  Carbonate.  The  annual  production  of  so- 


212  PRODUCTS  OF  ELECTROLYSIS 


dium  carbonate  in  the  United  States  runs  well  over  two  million 
tons.  Its  uses  are  distributed  over  a  variety  of  industries.  Some 
of  the  most  important  are  listed. 


Glass  manufacture 

Chemicals  . 

Soap . 

Paper  . 

Water  softeners  .  . 

Textiles  . 

Petroleum  refining 


670,000  tons 
325,000  tons 
210,000  tons 
100,000  tons 
65,000  tons 
50,000  tons 
25,000  tons 


In  water  solution,  sodium  carbonate  gives  a  basic  reaction 
and  finds  a  large  use  in  the  manufacture  of  soap  in  place  of 
sodium  hydroxide.  Many  of  its  uses  depend  upon  its  reaction 
with  water  which  is  called  hydrolysis. 

Na2C03  +  HOH  ->  NaOH  +  NaHC03 

The  NaOH  formed  is  highly  ionized  and  thus  the  solution  is 
strongly  basic.  This  property  is  utilized  in  detergents  (clean¬ 
ing  agents)  such  as  soap  powders  which  contain  some  soap 
mixed  with  sodium  carbonate.  Also  it  is  this  alkalinity  of  its 
solution  which  brings  about  the  use  of  sodium  carbonate  in 
the  manufacture  of  paper,  textiles,  and  the  purification  of  pe¬ 
troleum. 

The  low  cost  of  sodium  carbonate  makes  it  a  starting  point 
for  many  other  chemical  substances.  It  is  easily  converted  to 
other  compounds,  which  adds  to  its  usefulness.  A  process  for 
the  manufacture  of  sodium  hydroxide  uses  sodium  carbonate 
with  a  mixture  of  lime  in  water.  The  lime  reacts  with  the 
water  to  form  calcium  hydroxide  which  in  turn  reacts  with 
the  sodium  carbonate  to  form  sodium  hydroxide  and  calcium 
carbonate. 

Ca(OH)2  +  Na2C03  ->  CaC03  +  2NaOH 

The  calcium  carbonate  is  insoluble  in  the  mixture  and  simple 
filtration  removes  it  from  the  sodium  hydroxide.  This  method 
provides  more  than  half  of  the  total  sodium  hydroxide  pro¬ 
duced. 
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It  will  be  recalled  that  sodium  carbonate  is  used  in  the  soften¬ 
ing  of  water  (Chapter  12).  The  carbonate  ions  (C03  ) 

unite  with  the  calcium  and  magnesium  ions  present  in  the  water 
to  form  the  carbonates  of  these  which  are  insoluble. 

If  sodium  carbonate  is 
treated  with  sulfur  dioxide 
in  water  it  forms  sodium 
sulfite  (Na2S03),  used  to 
remove  chlorine  from  cloth 
which  has  been  bleached 
with  this  gas.  Sodium  sul¬ 
fite  is  also  used  to  dissolve 
the  lignin,  or  gluelike  ma¬ 
terial,  from  wood  fibers  in 
pulp  manufacture,  and  as  an 
aid  in  the  tanning  of  leather. 

If  the  sulfite  is  boiled  with 
sulfur  it  is  converted  to  so¬ 
dium  thiosulfate  (Na2S203) 
which  is  the  common 
“  hypo  ”  of  the  photogra¬ 
pher.  The  exposed  photo¬ 
graphic  film  is  placed  in  the 
“  hypo  ”  solution  after  it  has  been  developed  to  bring  out  the 
image.  The  “  hypo  ”  dissolves  any  silver  salts  which  remain 
in  the  film  and  thus  the  image  becomes  permanent. 

Chlorine.  Chlorine  which  is  liberated  at  the  anode  during 
the  electrolysis  of  salt  solutions  has  become  important  during 
recent  years.  Its  greatest  use  is  for  the  bleaching  of  cotton, 
linen,  and  wood  pulp  from  which  paper  is  made.  Wool  and 
silk  are  destroyed  by  chlorine  and  thus  it  cannot  be  used  to 
bleach  these  fibers.  Cotton  and  linen  are  slightly  affected  by 
the  bleaching  process.  Hence  it  is  quite  necessary  that  all  of 
the  chlorine  be  removed  from  the  fibers.  To  do  this  the  mate¬ 
rial  is  washed  with  water  which  contains  either  sodium  sulfite 
or  sodium  thiosulfate.  These  substances  act  as  antichlors  and 
convert  all  of  the  excess  chlorine  into  sodium  chloride. 
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bonate  in  Bulk 
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The  Bleaching  Process.  It  is  curious  that  dry  chlorine  will 
not  bring  about  the  bleaching  of  fibers,  but  if  the  fibers  are 
wet,  the  bleaching  process  proceeds  normally.  It  has  been 
found  that  chlorine  reacts  with  water  to  produce  hydrochloric 

acid  and  hypochlorous 
acid  (HOC1). 

Cl2  +  H20  ->  HC1  +  HOC1 
In  the  presence  of  easily 
oxidized  substances  the 
hypochlorous  acid  decom¬ 
poses  as  fast  as  it  forms  and 
in  so  doing  releases  oxygen 
one  atom  at  a  time.  This 
atomic  oxygen  is  very  re¬ 
active  and  attacks  the  col¬ 
oring  matter  to  give  color¬ 
less  substances. 

HOC1  ->  HC1  +  O 
It  has  been  shown  that  most 
colored  dyes  and  other 
coloring  matter  which  oc¬ 
cur  in  the  fiber  are  ren¬ 
dered  colorless  by  their  union  with  oxygen  so  furnished. 

Sodium  Hypochlorite.  The  application  of  chlorine  as  a 
household  bleaching  agent  has  been  promoted  by  the  appear¬ 
ance  of  a  number  of  bleaching  solutions  in  the  retail  stores 
(Chlorox,  Hilex).  Most  of  these  solutions  are  formed  by  pass¬ 
ing  an  electric  current  through  a  sodium  chloride  solution 
which  is  kept  stirred  in  order  that  the  chlorine  and  the  sodium 
hydroxide  may  mix.  This  produces  sodium  hypochlorite 
(NaOCl)  which  is  an  effective  bleaching  agent  and  which  may 
be  used  with  safety  in  the  home.  Most  of  these  products  are 
plainly  marked  in  order  to  warn  against  their  use  in  contact 
with  wool  or  silk.  Sodium  hypochlorite  owes  its  bleaching  ac¬ 
tion  to  the  oxygen  which  is  released  as  with  chlorine  solution. 
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Fig.  49.  Filling  a  Cylinder  with 
a  Ton  of  Liquid  Chlorine 


NaOCl  NaCl  +  0 
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In  actual  practice  it  is  the  hypochlorite  rather  than  the  free 
chlorine  which  is  used  for  large-scale  bleaching  since  the  alka¬ 
line  nature  of  the  hypochlorite  solutions  promotes  the  bleach¬ 
ing  action.  In  many  instances  lime  is  used  together  with  chlo¬ 
rine  to  form  calcium  hypo¬ 
chlorite  which  also  is  an 
effective  bleaching  agent. 

Antiseptic  Value.  The 
same  properties  of  chlo¬ 
rine  and  hypochlorites 
which  make  these  sub¬ 
stances  good  bleaching 
agents  also  endow  them 
with  unusual  antiseptic 
properties.  The  very  reac¬ 
tive  oxygen  which  is  re¬ 
leased  by  these  substances 
attacks  disease  germs  as 
well  as  other  organic  mate¬ 
rial.  During  the  first  World 
War  a  solution  known  as 
Carrel-Dakin  solution  con¬ 
taining  sodium  hypochlo¬ 
rite  together  with  sodium  chloride  was  used  extensively  in  the 
treatment  of  wounds  with  remarkable  success.  It  seems  well 
established  that  such  solutions,  when  properly  applied,  are  ca¬ 
pable  of  considerably  shortening  the  healing  time  of  wounds. 

It  was  also  noted  during  that  World  War  that  workers  in 
chlorine  plants  did  not  suffer  from  influenza  as  did  others. 
Experiments  which  were  carried  out  indicated  that  very  mild 
doses  of  this  gas  may  serve  with  some  people  as  an  effective 
preventative  of  this  disease  and  some  other  respiratory  diseases 
though  it  is  of  doubtful  value  as  a  treatment  after  the  disease 
begins  to  take  effect. 

Water  Purification.  The  purification  of  water  consumes  a 
considerable  amount  of  chlorine.  For  this  purpose  the  liquid 
chlorine  is  supplied  in  steel  tanks  of  convenient  size  to  facili- 
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Fig.  50.  Loading  Cylinders  of 
Liquid  Chlorine  on  a  Flat  Car 
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tate  handling.  The  decrease  in  the  outbreaks  of  such  diseases 
as  typhoid  fever  and  dysentery  are  almost  entirely  due  to  the 
use  of  chlorine  in  water  supplies  and  in  swimming  pools.  The 
actual  amount  of  chlorine  required  is  very  small,  since,  in  most 
cases,  it  requires  only  one  half  to  one  and  one  half  parts 

of  chlorine  in  one  mil¬ 
lion  parts,  by  weight,  of 
water  to  destroy  all  of  the 
dangerous  bacteria  which 
may  be  present.  The  chlo¬ 
rine  so  applied  is  converted 
to  harmless  compounds, 
and,  unless  some  industrial 
wastes  are  present  or  the 
chlorine  is  used  in  excess, 
there  is  no  resultant  taste 
or  odor.  For  many  years 
calcium  hypochlorite  was 
used  for  water  treatment 
but  the  application  of 
chlorine  is  so  easily  carried 
out  that  the  hypochlorite 
method  is  disappearing. 
Other  Uses.  Chlorine  is 
a  useful  industrial  chemical.  The  liquid  known  as  “  carbona,” 
with  which  dry  cleaning  may  be  carried  out  with  no  fire  or 
explosion  danger  is  carbon  tetrachloride  (CC14).  Similar  com¬ 
pounds  are  used  in  the  extraction  of  lubricating  oils  in  an  at¬ 
tempt  to  produce  better  lubricants.  Various  dyes,  explosives, 
and  disinfectants  also  are  prepared  with  the  aid  of  chlorine. 

Much  has  been  written  concerning  poison  gas  which  was 
used  in  the  first  World  War  and  which  probably  will  be  used 
in  the  war  now  going  on.  Most  of  these  gases  contain  chlorine. 
The  first  gas  used  was  chlorine  itself.  In  ordinary  amounts  it 
serves  as  a  choking  poison.  Among  other  substances  used  have 
been  phosgene  (carbonylchloride  COCL),  mustard  gas  (di- 
chlordiethyl  sulfide  (C2H4C1)2S),  and  various  tear  gases  con- 


Courtesy  of  The  Mathieson  Alkali  Works  Inc. 

Fig.  5 1.  Loading  a  Tank  Car  with 
Liquid  Chlorine 
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taining  chlorine.  These  tear  gases  find  much  use  for  stopping 
riots  and  for  deterring  safe  robbers. 

Hydrogen  Chloride.  If  the  hydrogen  and  the  chlorine 
which  are  produced  from  the  electrolysis  of  solutions  of  so¬ 
dium  chloride  are  allowed  to  react  together  hydrogen  chloride 
is  produced.  This  substance  is  a  gas  but  is  very  soluble  in  water. 
The  water  solution  is  called  hydrochloric  acid.  The  same  sub¬ 
stance  is  produced  if  salt  is  treated  with  sulfuric  acid. 

2NaCl  +  H2S04  ->  Na2S04  +  2HC1 

Hydrochloric  acid  has  been  an  important  industrial  and  medi¬ 
cal  chemical  for  a  long  time  and  its  importance  is  constantly  in¬ 
creasing. 

When  iron  is  to  be  coated  with  zinc,  as  in  galvanized  iron , 
or  with  tin,  as  in  tin  plate ,  or  with  various  enamels  it  must  be 
quite  clean  and  free  from  all  oxides  (rust)  of  iron.  This  is  ac¬ 
complished  by  dipping  the  iron  in  hydrochloric  acid  just  be¬ 
fore  the  coating  process  is  carried  out. 

In  the  manufacture  of  corn  syrup,  from  cornstarch,  hydro¬ 
chloric  acid  is  used  to  aid  in  the  conversion  of  the  starch  to 
glucose.  This  acid  is  also  used  in  the  preparation  of  glue  from 
animal  tissues  and  for  the  purification  of  animal  charcoal  for 
use  in  the  clarification  of  sugar  syrup.  Hydrochloric  acid 
enters  into  the  manufacture  of  at  least  one  artificial  rubber 
(Neoprene) . 

Hydrochloric  acid  is  used  to  increase  the  flow  of  oil  in  oil 
wells.  Many  times  the  oil-bearing  layer  contains  limestone 
and  this  material  is  dissolved  by  the  acid.  This  leaves  a  porous 
structure  of  undissolved  stone  which  serves  to  increase  the 
surface  from  which  oil  may  come.  Many  old  wells  have  been 
brought  back  into  production  by  this  treatment. 

SUMMARY 

All  water  solutions  of  salts  contain  hydrogen  ions  derived 
from  the  water.  During  the  electrolysis  of  these  solutions  it 
is  the  relative  affinity  for  electrons  which  determines  whether 
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it  is  the  metal  of  the  salt  or  hydrogen  which  is  released  at 
the  negative  electrode.  The  same  considerations  determine 
whether  it  is  the  negative  ion  of  the  salt  or  the  hydroxyl  ion 
from  water  which  gives  up  electrons  at  the  positive  electrode. 
The  electrolysis  of  sodium  chloride  in  water  liberates  hydro¬ 
gen  and  chlorine  leaving  sodium  ions  and  hydroxide  ions  in 
solution.  This  solution  gives  sodium  hydroxide  when  evapo¬ 
rated. 

Sodium  hydroxide  is  an  important  chemical  in  the  produc¬ 
tion  of  soap,  rayon,  photographic  film,  petroleum  products, 
paper,  and  other  compounds  of  sodium. 

Chlorine  is  useful  as  a  bleaching  agent,  in  water  purification, 
and  in  the  manufacture  of  other  compounds. 

Sodium  hydroxide  and  chlorine  react  together  to  form  so¬ 
dium  hypochlorite  which  is  useful  in  bleaching  and  as  an 
antiseptic. 

With  carbon  dioxide,  sodium  hydroxide  reacts  to  form  so¬ 
dium  carbonate.  This  is  useful  in  the  manufacture  of  glass, 
soap,  paper,  other  compounds  of  sodium,  textiles,  petroleum 
products,  and  in  water  softening.  Sodium  carbonate  may  also 
be  made  from  salt  by  the  Solvay  process.  This  method  takes 
advantage  of  the  reaction  between  salt,  water,  ammonia,  and 
carbon  dioxide  to  form  sodium  bicarbonate.  This  sodium  bi¬ 
carbonate  is  used  as  baking  soda  or  is  heated  to  give  sodium 
carbonate.  The  Solvay  process  is  possible  economically  because 
it  uses  cheap  raw  materials  and  recovers  all  of  the  by-products 
which  may  be  used  over  again. 

Baking  soda  is  used  in  baking  because  it  liberates  carbon 
dioxide  with  acids.  This  aerates  the  baked  food. 

Sodium  carbonate  may  be  used  for  the  preparation  of  most 
other  compounds  of  sodium.  Iris  used  with  lime  in  the  manu¬ 
facture  of  sodium  hydroxide;  with  chlorine  in  the  manufacture 
of  sodium  hypochlorite;  with  sulfur  dioxide  in  the  manufac¬ 
ture  of  sodium  sulfite  for  the  removal  of  chlorine  from  textiles 
after  bleaching;  and  with  sulfur  dioxide  and  sulfur  in  the  manu¬ 
facture  of  sodium  thiosulfate  (hypo)  for  photographic  use. 

The  bleaching  of  cloth  by  chlorine  or  by  hypochlorites 
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takes  place  because  of  the  active  oxygen  which  these  sub¬ 
stances  release  when  treated  with  water. 

The  use  of  chlorine  in  water  purification  is  notable  because 
so  little  of  it  is  required  to  destroy  practically  all  of  the  bacteria 
present. 

Hydrogen  and  chlorine  will  react  to  form  hydrogen  chlo¬ 
ride  which  dissolves  in  water  to  form  hydrochloric  acid.  This 
acid  which  has  considerable  industrial  use  may  also  be  made 
by  treating  salt  with  sulfuric  acid.  A  considerable  amount  of 
hydrochloric  acid  is  used  in  the  treatment  of  oil  wells  to  in¬ 
crease  their  production. 

REVIEW  QUESTIONS 

1.  If  metallic  sodium  were  released  at  the  negative  electrode 
during  the  electrolysis  of  salt  in  water,  what  should  happen  to  it 
at  once? 

2.  What  is  the  source  of  hydroxyl  ions  for  the  production  of 
sodium  hydroxide  by  the  electrolysis  of  sodium  chloride  solutions? 

3.  To  what  is  the  negative  charge  of  the  chloride  ion  due,  ac¬ 
cording  to  our  modern  idea  of  the  atom?  Why  is  the  sodium  ion 
positive? 

4.  What  four  substances  may  be  direct  products  from  the 
electrolysis  of  sodium  chloride  solutions?  List  the  uses  of  each 
of  these  products. 

5.  For  what  reason  do  we  say  that  sodium  hydroxide  is  a 
strong  base? 

6.  Account  for  the  fact  that  sodium  carbonate  in  solution  be¬ 
haves  as  a  base. 

7.  In  what  common  household  products  would  you  expect  to 
find  sodium  hydroxide?  Sodium  carbonate?  Sodium  hypochlorite? 

8.  Outline  the  Solvay  soda  process.  Why  is  it  possible  to  get 
the  sodium  bicarbonate  out  from  the  other  substances  present? 

9.  List  the  source  of  each  substance  used  in  the  Solvay  proc¬ 
ess. 

10.  Show  clearly  the  enonomic  advantages  of  the  Solvay  proc¬ 
ess. 

1 1 .  Give  the  method  for  converting  sodium  bicarbonate  to  the 
carbonate. 
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12.  What  sort  of  substances  must  be  present  in  baking  powder? 
What  is  the  purpose  of  baking  powder? 

13.  What  are  the  chief  uses  of  sodium  carbonate? 

14.  How  may  sodium  hydroxide  be  made  from  sodium  car¬ 
bonate? 

15.  Why  is  sodium  carbonate  used  in  water  softening? 

16.  How  do  we  explain  the  bleaching  action  of  chlorine  and 
hypochlorites? 

17.  Why  is  it  necessary  to  remove  the  excess  of  chlorine  in 
cloth  after  the  bleaching  process  is  complete?  How  is  this  done? 

18.  What  is  Carrel-Dakin  solution?  For  what  is  it  used? 

19.  For  what  purpose  is  chlorine  used  in  water  purification? 
What  have  been  the  results  of  its  use? 

20.  Give  some  uses  for  hydrogen  chloride.  How  is  it  made? 
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The  most  abundant  element  in  the  crust  of  the  earth  is  oxygen, 
which  makes  up  one  half  of  the  total  weight.  Next  to  oxygen 
is  the  element  silicon  which  accounts  for  the  next  one  fourth 
of  the  total  weight.  The  compounds  of  silicon  which  occur  in 
nature  form  about  87  percent  of  the  solid  crust  of  the  earth 
and  are  widely  distributed  among  the  rocks  and  soil  of  all 
kinds.  Silicon  is  the  central  element  of  the  mineral  kingdom, 
just  as  carbon  plays  the  fundamental  part  in  the  animal  and 
plant  kingdoms. 

One  of  the  most  abundant  compounds  of  silicon  is  its  oxide 
which  many  of  us  know  best  in  the  form  of  small  particles 
called  sand.  If  these  sand  particles  have  been  cemented  to¬ 
gether  by  pressure  under  earth  in  a  layer  of  rock  they  are 
called  ordinary  sandstone.  Frequently  the  dioxide  of  silicon 
occurs  in  large  crystals  which  are  known  as  quartz.  Among 
the  crystalline  forms  of  silicon  dioxide  there  are  the  semi¬ 
precious  stones  amethyst,  onyx,  agate,  flint,  and  opal,  the 
properties  and  colors  of  which  are  due  to  slight  impurities. 
Other  compounds  of  silicon  occur  in  the  form  of  clay,  granite, 
shale,  mica,  asbestos,  topaz,  and  feldspars. 

Quartz.  Chemically,  quartz  is  pure  silicon  dioxide.  It  is 
noted  for  its  crystal  clearness  and  for  the  curious  fact  that  it 
transmits  light  even  better  than  does  the  air.  If  quartz  is  heated 
to  a  rather  high  temperature  it  softens  and  the  molten  mass 
may  be  shaped  into  various  forms  such  as  laboratory  apparatus, 
tubes,  and  sheets.  Because  in  the  melting  dissolved  gases  fill 
the  material  it  becomes  opaque  to  light  unless  it  is  melted  under 
greatly  reduced  pressure  to  allow  the  gases  to  escape.  After 
such  treatment  the  material  resembles  ordinary  glass  except  that 
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it  is  not  broken  by  sudden  temperature  changes;  it  is  unusually 
resistant  to  chemical  action;  and  it  transmits  ultraviolet  light. 
This  last  property  has  brought  about  its  use  in  place  of  window 
glass  in  certain  instances  where  the  beneficial  rays  of  the  sun 
are  desired  indoors,  and  in  the  manufacture  of  ultraviolet 
lamps  and  certain  microscopic  and  telescopic  lenses. 

Chemical  Behavior.  Silicon  dioxide  (silica)  is  an  acidic  ox¬ 
ide  and  as  such  it  reacts  with  alkali  to  produce  a  salt.  When 
heated  with  sodium  hydroxide  or  with  sodium  carbonate 
sodium  silicate  (Na2Si03)  is  formed. 

Na2C03  -b  Si02  — >  Na2Si03  T  C02 

The  volatile  carbon  dioxide  escapes  from  the  molten  mixture. 
The  resulting  sodium  silicate  is  soluble  in  water  and  when  the 
water  solution  is  allowed  to  evaporate  it  leaves  the  sodium 
silicate  as  a  glassy  material.  Because  of  this  and  its  solubility 
in  water  it  is  called  water  glass .  It  is  used  by  some  manufac¬ 
turers  of  corrugated  paper  boxes  as  a  glue  to  hold  the  layers 
of  paper  together  and  is  then  known  as  silicate  glue.  It  has 
long  been  used  in  the  preservation  of  eggs.  The  eggs  are  cov¬ 
ered  with  a  solution  of  water  glass  and  the  sodium  silicate 
closes  the  pores  in  the  shells  so  that  air  cannot  enter  and  cause 
the  egg  to  spoil. 

If  limestone  is  heated  with  silicon  dioxide,  calcium  silicate  is 
formed  by  a  reaction  entirely  similar  to  that  which  produces 
sodium  silicate. 

CaC03  +  Si02  ->  CaSi03  +  C02 

Here  again  the  volatile  carbon  dioxide  is  driven  off.  The  cal¬ 
cium  silicate  formed  is  a  glasslike  material  and  like  sodium 
silicate  it  has  no  definite  melting  point  but  slowly  softens  as 
it  is  heated. 

Glass.  If  limestone  and  sand  mixed  with  sodium  carbonate 
are  heated  in  a  suitable  furnace  the  entire  mass  slowly  melts  to 
form  glass.  Each  substance  present  lowers  the  melting  point  of 
every  other  substance  present.  As  a  result  the  glass  produced 
begins  to  melt  considerably  below  red-heat.  Such  soda-lime 
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Courtesy  of  the  Libbey-Owens-F ord  Glass  Company 

Fig.  52.  3,000  Pounds  of  Molten  Glass 

Heated  to  a  temperature  of  2800  degrees  Fahrenheit,  silica,  soda  ash  and 
other  components  of  the  “  batch  ”  fuse  and  acquire  transparency.  This 
photograph  shows  a  clay  pot  containing  3,000  pounds  of  molten  glass  being 
removed  from  the  melting  furnace  to  be  rushed  to  the  casting  table. 

glass  is  used  for  ordinary  bottles  and  for  windows.  It  consists 
of  sodium  silicate,  calcium  silicate,  and  unchanged  silicon  di¬ 
oxide.  If  one  could  write  a  chemical  formula  for  the  mixture 
it  would  be  somewhat  near  Na2Si03  •  3CaSiOs  •  2Si02,  though 
this  composition  may  be  varied.  For  ordinary  glass  some  of 
the  sodium  carbonate  is  replaced  by  sodium  sulfate  which  can 
also  react  with  silicon  dioxide  with  the  evolution  of  volatile 
S03  (sulfur  trioxide). 

SiC>2  T  Na2S04  — >  Na2Si03  +  SO3 

The  glass  industry  consumes  more  than  400,000  tons  of  sodium 
sulfate  each  year. 

If  all  of  the  materials  are  pure  the  resulting  glass  is  entirely 
colorless,  but  as  a  rule  such  materials  are  not  to  be  found. 
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Courtesy  of  the  Libbey-Owens-F ord  Glass  Company 


Fig.  53.  Heat-Toughened  Plate  Glass 

A  new  type  of  heat-tempered  plate  glass  called  tuf-flex  is  so  resistant  to 
thermal  shock  that  molten  lead  can  be  poured  without  damage  upon  a  pane 
which  is  resting  on  a  cake  of  ice.  Ordinary  glass  would  be  shattered  instantly. 


Natural  sand  usually  has  more  or  less  iron  oxide  (rust)  mixed 
with  it  even  though  it  may  be  in  very  small  amounts,  and  dur¬ 
ing  the  melting  process  this  oxide  is  converted  to  ferrous  sili¬ 
cate  which  is  green.  It  is  this  green  coloring  matter  which  con¬ 
tributes  the  color  to  old  bottles  and  to  window  glass.  The 
addition  of  small  amounts  of  manganese  dioxide  during  the 
melting  of  the  glass  will  remove  the  green  color.  Some  other 
substances  also  contribute  characteristic  colors  such  as  the  red 
of  gold  glass  and  of  selenium  glass  and  the  deep  blue  of  cobalt 
glass. 

Other  Kinds  of  Glass.  If  we  are  willing  to  use  our  imagi¬ 
nations  just  a  little  it  may  seem  possible  to  write  the  formula 
for  glass  in  a  slightly  different  way.  Thus  the  formula  Na2 
SiOs  •  3CaSiOs  •  2Si02  may  be  written  as  Na20  •  3CaO  •  6Si02 
without  indicating  any  change  in  composition.  Actually  such 
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Courtesy  of  the  Libbey-Owens-Ford  Glass  Company 


Fig.  54.  Molten  Glass  Rolls  Out 

This  is  the  type  of  machine  used  in  producing  extra-heavy  plate  glass 
and  colored  structural  glass  in  the  Libbey-Owens-Ford  Glass  Company 
plant  at  Rossford,  Ohio.  After  passing  between  smoothing  rollers  at  gradu¬ 
ally  reduced  temperature,  the  glass  is  annealed  in  a  long  lehr  and  then  cut 
to  handling  size. 


a  substance  as  sodium  oxide  (Na20)  does  not  exist  free  within 
the  glass,  but  it  is  sometimes  quite  convenient  to  consider  the 
three  oxides  as  being  separate  as  shown.  Now  all  glass  contains 
Si02  as  the  chief  ingredient,  but  the  actual  amount  of  this 
substance  may  be  varied  to  a  great  extent.  In  place  of  the  so¬ 
dium  oxide  one  may  substitute  potassium  oxide  which  results 
in  a  hard  glass  of  unusual  clearness.  It  may  be  used  for  optical 
purposes.  By  putting  in  lead  oxide  in  place  of  the  calcium  oxide 
and  potassium  oxide  in  place  of  the  sodium  oxide,  there  is  ob¬ 
tained  a  heavy,  sparkling  glass  from  which  cut  ware  is  made. 
This  same  glass  serves  for  the  production  of  artificial  (paste) 
gems. 

Because  of  conditions  in  certain  situations  where  it  is  de¬ 
sirable  to  use  glass  it  became  necessary  to  develop  a  glass  with 
a  low  coefficient  of  expansion.  By  this  we  mean  that  the  glass 
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changes  very  little  in  size  as  the  temperature  is  changed.  Glass 
is  a  very  poor  conductor  of  heat  and  if  one  side  of  a  glass  vessel 
is  strongly  heated  the  expansion  of  the  hot  side  may  pull  the 
molecules  of  the  cold  side  apart  before  they  have  time  to  warm 
up.  That  is  what  happens  when  we  fill  a  cold  milk  bottle 
rr' . ■:  '  >  *  jhfu”  i  f  i . -i  with  hot  water  and  it  shat¬ 

ters  in  the  sink.  In  a  similar 
manner,  if  a  piece  of  hot 
glass  is  cooled  quickly,  the 
cooling  may  cause  the  mol¬ 
ecules  to  be  pulled  apart 
before  the  whole  thickness 
of  glass  contracts.  Now  if 
the  glass  changes  very  little 
with  temperature  these 
dangers  are  considerably 
lessened  and  this  is  the  basis 
for  the  use  of  low-expan¬ 
sion  glass.  The  brand  of 
glass  known  as  “  Pyrex  ” 
is  such  a  glass  and  repre¬ 
sents  a  real  scientific 
achievement.  We  can  use 
it  in  the  scientific  labora¬ 
tory  or  in  the  kitchen 
and  subject  it  to  sudden 
changes  of  heat  and  cold 
without  shattering.  More¬ 
over  it  is  almost  unaffected  by  many  chemicals  which  attack 
ordinary  glass.  In  this  glass  the  metallic  oxides  are  almost  en¬ 
tirely  omitted  and  the  Si02  is  increased  to  81  percent.  In  place 
of  most  of  the  calcium,  sodium,  or  potassium  oxides  about  1 2 
percent  of  boron  oxide  (B2Os)  is  used.  In  addition  the  glass 
contains  a  little  aluminum  oxide  (Al2Os). 

Glass  Working.  In  the  manufacture  of  glass  articles  the 
molten  glass  is  either  pressed  or  blown  into  shape  by  hand  or 
with  compressed  air.  When  done  by  hand  the  workman  gath- 
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Fig.  55.  Under  the  Rotors 

Bathed  in  a  mixture  of  sand  and 
water,  the  blanks  of  glass  pass  under 
huge  rotors  in  the  Libbey-O wens-F  ord 
Glass  Company  plant  at  Rossford, 
Ohio.  This  removes  roughness  and 
makes  the  two  surfaces  precisely  para- 
lel.  Then  comes  the  polishing  with 
iron  oxide  “  rouge  ”  under  rotors 
lined  with  felt.  The  grinding  and 
polishing  gives  plate  glass  its  lustrous 
quality  and  freedom  from  the  wavi¬ 
ness  of  ordinary  window  glass. 
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ers  a  ball  of  molten  glass  on  the  end  of  a  hollow  pipe  and 
using  his  cheeks  as  a  bellows  he  fashions  the  article  with  air 
pressure  from  his  lungs  while  he  turns  the  pipe.  Naturally, 
such  operations  require  a  great  amount  of  skill.  Many  articles 
such  as  bottles  may  be  so  blown,  but  to  make  for  speed  and 
uniformity  a  mold  is  used 
to  constrict  the  glass  to  a 
definite  size  and  shape.  All 
glass  must  be  cooled  very 
slowly  for  a  long  period  of 
time  to  prevent  internal 
strains  which  cause  break¬ 
age.  Such  careful  cooling  is 
called  annealing. 

Within  recent  years  the 
use  of  machines  has  largely 
replaced  manpower  in 
blowing  glass.  A  few  years 
ago  much  of  the  window 
glass  was  blown  by  hand 
into  long  tubes  some  five  or 
six  feet  in  length  and  about 
a  foot  in  diameter.  These 
tubes  were  cut  off  at  the 
ends,  split  down  the  side, 
and  flattened  by  heating 
and  smoothing.  The  ma¬ 
chine  blown  window  glass 
is  made  in  cylinders  as 
much  as  forty  feet  long 


Courtesy  of  the  Libbey-Owens-Ford  Glass  Company 

Fig.  56.  For  Better  Vision  and 
Safety 

Tests  conducted  by  Dr.  A.  H. 
Ryan,  Chicago  physiologist,  showed 
that  looking  through  ordinary  win¬ 
dow  glass,  such  as  that  at  right  in  this 
photograph,  produces  62  per  cent 
greater  eye  strain  than  looking 
through  precision  safety  plate  glass, 
through  which  the  chart  at  left  may 
be  seen.  Many  models  of  1941  cars 
are  being  equipped  with  the  high-test 


safety  plate  glass. 

and  three  feet  in  diameter.  These,  too,  are  split  down  the  side 
and  flattened.  Methods  are  now  in  use  whereby  a  sheet  of  win¬ 
dow  glass  is  drawn  directly  from  the  molten  glass  as  a  wide 
ribbon  and  this  has  almost  entirely  replaced  the  blown  product. 
Plate  glass  is  made  by  pouring  the  molten  glass  on  a  table  where 
it  is  rolled  to  uniform  thickness  and  then  polished. 

Optical  Glass.  Glass  from  which  various  optical  instru- 
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merits  are  to  be  made  must  be  quite  uniform  and  highly  trans¬ 
parent.  Only  the  best  of  materials  are  used  and  small  pots 
serve  as  the  containers  for  the  individual  batches.  During  the 
melting  process,  the  mixture  is  stirred  to  obtain  uniformity 
and  then  the  pot  is  annealed  for  a  long  period  of  time.  The  en¬ 
tire  mass  is  broken  up  and  individual  pieces  are  carefully 
ground  to  the  desired  shape.  For  some  of  the  cheaper  instru¬ 
ments  the  glass  is  softened  and  molded  by  means  of  pressure 
molds. 


CERAMICS 

Bricks  and  Pottery.  Just  as  the  more  or  less  pure  compo¬ 
nents  of  glass  may  be  mixed  and  melted  together  to  form  arti¬ 
ficial  silicates,  the  naturally  occurring  impure  silicates  such  as 
clay  may  also  be  melted.  The  nature  of  the  finished  product 
will  depend  upon  the  material  used  and  upon  the  temperature 
of  the  furnace  in  which  the  substance  is  heated.  With  some 
forms  of  good  clay  known  as  kaolin,  which  may  be  considered 
as  AL03  •  2H20  •  2Si02,  the  finished  product  is  white  and 
glasslike  in  the  form  of  fine  porcelain.  The  less  pure  forms  of 
clay  produce  varying  types  of  products  from  bricks  to  pottery. 
In  the  industries  which  produce  these  things  the  article  is 
shaped  from  the  moist  clay,  and  then,  after  drying  in  the  air, 
it  is  fired  to  the  proper  temperature  to  give  the  strength  and 
durability  required. 

There  is  much  more  to  the  manufacture  of  clay  products 
than  merely  shaping  the  article  and  then  heating  it.  The  clay 
particles  must  be  in  the  colloidal  state  of  division.  This  is  ac¬ 
complished  by  aging  the  clay  in  the  presence  of  moisture  to¬ 
gether  with  some  deflocculating  agent.  For  bricks  this  de- 
flocculating  agent  may  be  obtained  from  wet  straw  which 
probably  furnishes  tannin.  The  ancient  Egyptians  realized  the 
importance  of  this  process.  Frequently  several  different  types 
of  clay  may  be  mixed  before  the  desired  properties  are 
obtained.  For  earthenware  the  firing  temperature  is  about 
1270°  C.  but  for  the  more  glasslike  articles  of  porcelain  the 
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temperature  may  reach  1400°  C.  or  even  higher.  This  tem¬ 
perature  is  the  same  as  2550°  F.  and  is  (as  we  can  imagine) 
quite  hot. 

The  heating  process  drives  off  the  water  which  may  be 
present  with  the  clay.  It  also  drives  off  the  water  which  is 
combined  as  a  part  of  the  clay  molecule.  This  leaves  a  skeleton 
form  which  is  porous.  If  the  heating  continues  until  melting 
actually  occurs  it  becomes  no  longer  porous,  but  the  product 
shrinks.  If  the  finished  product  is  to  be  glazed,  as  in  pottery 
and  table  china,  this  is  done  in  one  of  several  ways.  Cheap  arti¬ 
cles  are  glazed  by  throwing  salt  into  the  furnace.  The  high 
temperature  vaporizes  the  salt  and  it  combines  with  the  silicates 
in  the  surface  of  the  material.  This  lowers  the  melting  point 
and  the  outside  of  the  article  melts.  When  cool,  the  glaze  sur¬ 
rounds  the  porous  material  like  a  casing  of  glass.  For  better 
articles  the  fired  material  is  dipped  or  sprayed  with  some  other 
silicate  or  mixture  which  will  give  a  glass  when  again  heated. 
Care  must  be  taken  to  be  sure  that  the  finished  glaze  will  not 
crack  away  from  the  body  of  the  ware  under  normal  changes 
in  temperature.  Colored  glazes  are  produced  by  adding  metal¬ 
lic  oxides  to  the  glazing  mixture. 

MORTAR 

While  discussing  the  common  building  material,  bricks,  it 
seems  proper  to  include  something  about  the  binding  agent 
which  is  used  to  hold  the  bricks  of  a  building  together.  The 
most  commonly  used  binding  agent  is  mortar  which  is  made 
by  mixing  sand  with  lime  and  water.  Quicklime  is  produced 
by  heating  limestone  (calcium  carbonate,  CaC03)  in  a  kiln 
which  decomposes  it  to  form  lime  (calcium  oxide,  CaO) 
and  carbon  dioxide: 

CaC03  — >  CaO  +  C02 

Quicklime  combines  with  water  to  produce  slaked  lime  (hy¬ 
drated  lime,  or  calcium  hydroxide) : 

CaO  +  H20  ->  Ca(OH)2 
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If  properly  mixed  with  water  this  calcium  hydroxide  becomes 
colloidal  and  forms  a  stiff  mass  which  may  be  mixed  with  sand 
and  spread  between  the  bricks.  Slowly  the  mortar  loses  water 
and  begins  to  absorb  carbon  dioxide  from  the  air.  These  two 
processes  result  in  the  formation  of  a  layer  of  sand  particles 
surrounded  by  interlocking  crystals  of  calcium  carbonate  due 
to  the  reaction  of  the  lime  with  the  carbon  dioxide: 

Ca(OH)2  +  C02  ->  CaC03  +  H20 

Most  of  the  excess  water  is  lost  within  a  few  days  but  the  reac¬ 
tion  with  carbon  dioxide  may  proceed  for  many  months. 

Plaster  is  a  modification  of  mortar.  The  changes  which  take 
place  during  its  drying  are  essentially  the  same  as  with  mortar. 
In  order  to  speed  up  the  hardening  of  plaster  it  is  a  common 
practice  to  place  charcoal  burners  in  a  newly  plastered  house. 
These  furnish  a  large  amount  of  carbon  dioxide  and  thus 
hasten  the  formation  of  calcium  carbonate. 

CEMENT 

Cement  differs  considerably  from  mortar.  This  material  was 
first  discovered  by  the  early  Romans  who  found  a  natural  rock 
which  would  harden  with  water  after  being  burned  and  pow¬ 
dered.  This  supply  of  natural  cement  rock,  called  possuolana, 
was  soon  exhausted  and  another  source  had  to  be  found.  In 
1824  an  Englishman  discovered  a  mixture  of  materials  that 
would  give  similar  results,  and  since  the  finished  stone  looked 
like  a  certain  kind  of  natural  rock  found  at  Portland,  England, 
he  named  it  Portland  Cement.  One  patent  was  issued  for  the 
manufacture  of  this  substance  which  called  for  its  production 
from  the  road  dust  of  certain  stone-covered  roads. 

The  essential  ingredients  of  this  Portland  cement  are  lime¬ 
stone  and  clay.  Certain  other  limestone  materials  can  be  used 
and  shale  may  be  substituted  for  the  clay.  These  materials  in 
exactly  correct  proportions  are  ground  together  and  heated. 
The  grinding  is  usually  done  wet  and  the  wet  mixture  fed  into 
a  furnace  where  it  is  first  dried  and  then  heated  until  it  just 
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begins  to  melt.  The  furnace  used  is  a  rotating  one  much  like 
an  exceedingly  long  barrel  10  feet  in  diameter  and  250  feet 
long.  As  it  rotates,  the  partly  melted  particles  are  rolled  into 
small  balls  and  are  called  clinker.  This  clinker  is  ground  to  an 
extreme  degree  of  fineness,  mixed  with  a  small  amount  of 
gypsum  (CaS04-  2H20)  which  acts  to  retard  the  time  of  set¬ 
ting,  and  sold  as  cement. 

With  water,  the  cement  seems  to  undergo  many  compli¬ 
cated  changes.  However,  it  is  fairly  certain  that  the  water 
enters  into  chemical  reaction  with  the  substances  present  in  the 
cement,  and  the  product  formed  is  hard  and  adhesive.  In  this 
respect  cement  differs  from  mortar  because  it  must  have  water 
in  order  to  harden.  If  the  weather  is  too  hot,  or  dry,  additional 
water  must  be  added  each  day  to  insure  the  proper  hardening. 
In  the  building  of  roads  great  precautions  are  taken  to  insure 
an  adequate  water  supply  for  the  hardening  cement.  There  are 
two  distinct  steps  in  this  process.  First  the  cement  “  sets  ”  to  a 
jelly  like  mass  which  must  not  be  disturbed,  but  at  the  time 
of  the  “  set  ”  there  is  no  strength  in  the  material.  This  is  some¬ 
what  like  the  colloidal  condition  of  the  clay  for  pottery  and 
the  lime  for  mortar.  Then  the  water  slowly  reacts  with  the 
mixture  and  the  strength  of  the  cement  begins  to  appear.  The 
maximum  strength  does  not  develop  until  many  days  or  weeks 
after  pouring.  There  are  rapid-setting  cements  on  the  market 
which  are  chemically  speeded  up  to  attain  their  maximum 
strength  in  a  couple  of  days.  These  are  a  great  boon  to  building 
and  paving  where  time  is  an  important  factor.  These  have  been 
used  too  short  a  time  as  yet  to  say  whether  they  are  as  good  as 
the  regular  cement.  However,  nothing  indicates  otherwise. 

From  the  description  of  the  manufacturing  process  one  can 
get  some  idea  of  what  is  present  in  the  cement.  If  we  remem¬ 
ber  the  discussion  on  glass  we  would  expect  to  find  calcium 
and  aluminum  silicates  in  the  cement.  While  the  composition 
can  be  varied  somewhat,  yet  there  are  certain  restrictions 
which  must  be  rigidly  observed.  The  percentages  of  iron  oxide 
and  aluminum  oxide  must  be  controlled  as  well  as  the  relation 
between  the  calcium  oxide  and  the  silicon  dioxide. 
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SILICON  CARBIDE 


It  would  be  improper  to  close  this  chapter  without  mention¬ 
ing  silicon  carbide  which  is  commonly  known  as  carborun¬ 
dum.  It  was  back  in  1885  that  Acheson  mixed  clay  and  char¬ 
coal  and  heated  the  mixture  with  an  electric  arc  created  within 
the  mass.  He  obtained  beautiful  crystals  of  various  colors 
which  were  quite  iridescent.  These  he  sold  at  first  as  gems  at 
a  high  price.  But,  because  of  their  hardness,  he  was  able  to 
sell  them  by  the  ton  at  a  few  cents  per  pound  and  make  more 
money.  The  hard  crystals  were  composed  of  silicon  and  carbon 
and  their  composition  was  best  expressed  by  the  formula  SiC. 
This  substance  is  now  known  as  carborundum  and  has  for 
many  years  been  one  of  our  most  useful  grinding  agents.  The 
mass  production  of  modern  machinery  such  as  automobiles 
would  be  impossible  without  this  or  a  similar  material  because 
most  moving  parts  must  be  ground  to  fit.  For  use,  the  crystals 
are  cemented  together  in  the  form  of  a  wheel  or  they  are  blown 
as  finer  or  coarser  dust  onto  a  cement-covered  paper  or  cloth. 

At  the  present  time  carborundum  is  made  several  tons  at  a 
time  in  large  brick  boxes  about  seven  feet  wide,  seven  feet 
high,  and  as  much  as  fifteen  feet  long.  A  mixture  of  sand  and 
carbon  (coke)  together  with  salt  and  sawdust  is  placed  in  the 
box  and  the  electric  current  is  run  through  the  mixture  be¬ 
tween  carbon  electrodes  placed  in  the  ends  of  the  box.  The 
reaction  takes  place  at  the  high  temperature  produced  by  the 
resistance  of  the  mass  to  the  flow  of  the  heavy  current. 

Si02  +  3C  ->  SiC  +  2CO 

The  salt  melts  and  acts  as  a  liquid  “  flux  ”  and  the  sawdust 
keeps  the  mass  porous. 


SUMMARY 

The  element,  silicon,  accounts  for  one  fourth  of  the  total 
weight  of  the  earth’s  crust.  It  always  occurs  in  the  combined 
state.  Its  compounds  total  87  percent  of  the  solid  crust  of  the 
earth. 
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REVIEW  QUESTIONS 

Pure  silicon  dioxide  is  called  quartz.  Sand  consists  of  small 
particles  of  impure  quartz.  The  melting  point  of  quartz  is 
quite  high.  Pure  quartz  permits  the  passage  of  ultraviolet  and 
visible  light. 

Quartz  is  an  acidic  oxide  and  thus  reacts  with  alkalies  to 
form  salts.  Glass  is  a  mixture  of  silicates  with  no  definite  melt¬ 
ing  point.  Window  glass  contains  the  silicates  of  sodium  and 
calcium.  Other  glass  may  contain  the  silicates  of  lead  and  po¬ 
tassium.  Pyrex  glass  has  a  low  thermal  expansion.  It  is  largely 
silica  mixed  with  the  silicates  of  boron  and  aluminum. 

Bricks  and  pottery  are  made  from  the  naturally  occurring 
silicates  found  as  clay.  Heating  converts  these  to  insoluble  and 
hard  silicates  which  resemble  glass.  The  type  of  product  de¬ 
pends  upon  the  type  of  raw  material  used  and  the  temperature 
to  which  it  is  heated.  The  glaze  is  composed  of  more  easily 
melted  silicates  with  a  thermal  expansion  near  that  of  the  body 
of  the  ware. 

Mortar  is  a  mixture  of  colloidal  calcium  hydroxide  and  sand. 
It  hardens  by  loss  of  water  together  with  a  union  with  carbon 
dioxide  from  air  to  form  calcium  carbonate. 

Cement  is  made  by  heating  together  definite  proportions 
of  limestone  and  clay.  The  resulting  material  is  finely  ground. 
With  water  this  produces  new  substances  which  harden  and 
hold  together  by  forming  interlocking  crystals. 

Silicon  carbide  is  produced  by  heating  sand  and  carbon  to¬ 
gether  in  an  electric  furnace.  The  product  is  crystalline  and 
extremely  hard.  It  is  used  as  an  abrasive. 

REVIEW  QUESTIONS 

1.  Carbon  and  silicon  are  in  the  same  group  in  the  periodic 
table.  Show  some  of  their  similarity  by  writing  the  equations  for 
the  reactions  of  their  dioxides  with  sodium  hydroxide  and  with 
calcium  oxide. 

2.  Why  is  ordinary  glass  broken  by  sudden  chilling? 

3.  What  property  of  Pyrex  glass  makes  it  resistant  to  heat? 

4.  Account  for  the  porous  nature  of  earthenware  and  the  lack 
of  porosity  of  fine  china. 
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5.  What  is  the  difference  between  the  body  of  earthenware 
and  the  glaze? 

6.  From  what,  and  how  is  lime  produced?  Write  the  chemical 
equation. 

7.  What  is  the  difference  between  quicklime  and  slaked  lime? 
Write  the  equation  for  the  formation  of  slaked  lime  from  quick¬ 
lime. 

8.  What  changes  bring  about  the  hardening  of  mortar? 

9.  What  is  the  essential  process  in  the  hardening  of  cement? 
How  does  this  differ  from  that  of  mortar? 

10.  How  is  silicon  carbide  made?  What  is  its  common  name? 
Of  what  use  is  it? 
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The  use  of  sulfur  extends  back  beyond  4000  years  according 
to  ancient  writings.  The  peculiar  blue  flame  with  which  it 
burns,  together  with  the  pungent  odor  which  is  thus  produced, 
must  have  made  it  a  picturesque  stuff  to  use  in  black  night 
mysteries  and  ceremonies  of  worship.  In  addition  to  its  power 
to  kindle  human  emotions  through  sight  and  smell,  the  ancients 
realized  its  practical  effect  in  the  bleaching  properties  of  the 
oxide  of  sulfur.  Later  they  discovered,  too,  its  use  by  burning 
the  sulfur  as  a  fumigant.  This  dates  back  at  least  to  1000  b.c. 
according  to  the  Greek  literature.  By  mixing  sulfur  with  other 
substances  the  Chinese  discovered  gunpowder  at  least  five 
hundred  years  before  the  Christian  Era,  although  they  made 
firecrackers  to  frighten  away  demons  long  before  they  found 
out  how  to  propel  bullets  with  it.  Early  medicine  and  the  treat¬ 
ment  of  human  ills  was  largely  dependent  upon  sulfur  for 
many  centuries.  Even  present-day  medicine  has  some  uses  for 
it.  Thus  throughout  the  recorded  period  of  man,  sulfur  has 
played  a  definite  part,  and,  while  its  uses  have  changed,  its 
importance  has  steadily  increased. 

Occurrence.  Sulfur  occurs  almost  everywhere.  The  mate¬ 
rials  of  which  animal  cells  are  composed  contain  sulfur.  This 
includes  human  and  animal  hair,  wool,  silk,  eggs  and  flesh.  In 
many  parts  of  the  earth  there  are  extensive  underground 
streams  of  water  which  are  saturated  with  hydrogen  sulfide 
gas,  and,  when  these  are  penetrated  by  wells  or  appear  as 
springs,  they  yield  the  so-called  sulfur  waters.  Many  invalids 
go  to  Hot  Springs  or  Spas  “  to  take  the  waters  ”  some  of  which 
are  sulfur,  others  iron,  others  still  containing  chemicals  assumed 
to  have  therapeutic  value.  Some  of  the  most  important  ores 
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of  the  metals  contain  both  the  metal  and  sulfur  in  the  form  of 
sulfides.  A  great  amount  of  iron  occurs  in  the  earth  as  iron 
sulfide,  but  this  has  never  yet  been  worked  as  a  profitable 
source  of  iron.  When  Aetna  and  other  volcanoes  blow  off 
their  tops  and  hurl  molten  lava,  ash,  and  smoke  high  into  the 
air  the  volcanic  action  evolves  enormous  quantities  of  sulfur 
in  the  form  of  hydrogen  sulfide.  This  seems  to  indicate  that 
large  deposits  of  sulfur  or  its  compounds  occur  deep  in  the 
earth. 

The  element  sulfur,  in  its  free  form,  was  discovered  on  the 
island  of  Sicily  about  four  hundred  years  ago.  But  it  was  not 
until  the  discovery  of  sulfuric  acid  that  this  deposit  became 
important.  Since  that  time  sulfur  has  been  sought  from  every 
possible  source.  The  annual  production  of  sulfur  and  of  sul¬ 
furic  acid  has  increased  enormously.  About  1870,  while  mak¬ 
ing  explorations  for  oil  along  the  coast  of  the  Gulf  of  Mexico, 
the  drillers  discovered  several  sulfur  deposits  at  depths  of  five 
hundred  feet  or  more.  Men  went  to  work  at  great  labor  and 
cost  to  mine  the  element.  But  because,  after  they  got  down 
about  a  hundred  feet,  great  quantities  of  poisonous  hydrogen 
sulfide  gas  came  in  upon  them  making  them  lose  consciousness 
and  resulting  in  death,  and  because  gas  masks  had  not  yet  been 
invented  to  protect  them,  they  had  to  abandon  the  work  and 
let  the  sulfur  go  untouched.  Since  the  deposits  in  Sicily  occur 
near  the  surface,  they  are  readily  accessible.  It  is  only  neces¬ 
sary  to  heat  the  mixture  of  rock  and  sulfur  above  the  melting 
point  of  the  sulfur  which  then  melts  and  runs  away  from  the 
contaminating  material.  For  many  years  this  simple  method 
of  mining  was  easily  the  victor  in  the  race  with  the  American 
deposits. 

The  Frasch  Process.  Herman  Frasch  came  to  the  United 
States  about  1870  and  worked  as  a  pharmacist.  He  became 
interested  in  petroleum  refining  and  had  remarkable  success 
at  it.  Some  of  the  thinking  he  had  done  on  oil  stimulated  his 
imagination  about  sulfur,  and  he  conceived  an  idea  for  getting 
the  American  sulfur  to  the  top  of  the  ground.  He  drilled  a 
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Courtesy  of  the  Texas  Gulf  Sulphur  Company,  Inc. 

Fig.  57.  Sketch  Showing  Sulfur- Well  Piping 
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Courtesy  of  the  Texas  Gulf  Sulphur  Company,  Inc. 

Fig.  58.  Sulfur  Discharging  into  a  Vat 
The  delivery  pipes  swing  about  to  give  an  even  layer  of  liquid  sulfur. 


rather  large  (10-inch)  hole  into  the  rock  which  contained  the 
sulfur  and  cased  the  hole  with  a  pipe  having  perforations  near 
the  bottom.  Inside  this  outer  pipe  were  placed  two  other  con¬ 
centric  pipes  which  went  nearly  to  the  bottom.  Hot  water 
under  pressure  and  at  a  temperature  above  the  melting  point 
of  the  sulfur  was  forced  down  the  outer  space  thus  provided 
and  it  caused  the  sulfur  near  the  well  to  melt  and  to  rise  in  the 
inner  pipes.  Compressed  air  was  forced  down  the  center  pipe 
and  this  caused  the  sulfur  together  with  water  and  air  to  rise 
to  the  surface  in  the  third  space  provided.  The  molten  sulfur 
was  permitted  to  collect  in  large  crudely  constructed  boxes  or 
pens  where  it  soon  hardened  and  could  be  shipped  and  proc¬ 
essed. 

This  ingenious  method  of  mining  has  proved  a  remarkable 
success  and  has  furnished  an  ample  supply  of  pure  sulfur  for 
the  entire  world.  The  open  mining  deposits  in  Sicily  are  still 
operated  by  that  method  as  are  those  in  other  countries,  but 
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Courtesy  of  the  Texas  Gulf  Sulphur  Company,  Inc. 


Fig.  59.  Sulfur  Vats 

50  Feet  High,  175  Feet  Wide,  1200  Feet  Long.  Contain  one  half  million 
tons  of  sulfur  each.  The  forms  to  receive  the  liquid  sulfur  are  still  in  place 
at  the  top  of  the  vat  on  the  right. 

all  of  these,  since  the  Frasch  process,  are  enabled  to  continue 
only  through  government  aid  and  high  tariffs. 

Since  sulfur  is  so  vital  to  all  industry  it  is  easy  to  understand 
why  every  country  desires  to  have  its  own  sulfur  industry  in 
operation  all  of  the  time.  Its  relation  to  other  basic  industries 
also  accounts  for  the  changes  in  volume  of  sulfur  production 
through  the  years.  In  1930  the  United  States  produced  more 
than  two  and  one  half  million  tons,  but  in  1932  this  dropped 
to  less  than  one  million  tons.  We  frequently  see  reference  to 
sulfur  as  a  “  key  ”  chemical  because  of  its  many  uses. 

Sulfuric  Acid.  The  largest  industry  which  consumes  sulfur 
is  the  manufacture  of  sulfuric  acid.  This  substance  is  probably 
the  most  important  chemical,  with  the  exception  of  water,  with 
which  industry  has  to  deal  and  this  importance  is  reflected  in 
the  total  tonnage  consumed. 

The  following  list  of  the  uses  of  sulfuric  acid  will  give  an 
idea  of  its  importance.  The  figures  are  in  tons  of  solution  con- 
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Courtesy  of  the  Texas  Gulf  Sulphur  Company,  Inc. 

Fig.  60.  Pumps  and  Piping 

These  deliver  the  large  amount  of  hot  water  required  to  mine  sulfur. 

taining  63  percent  of  the  acid,  H2S04,  taken  from  Chemical 
and  Metallurgical  Engineering ,  February  1940. 


1938 

1939  (estimated) 

Fertilizer  manufacture . 

1,920,000 

2,100,000 

Petroleum  refining . 

1,100,000 

1,210,000 

Chemical  manufacture . 

800,000 

975,000 

Coal  products  (dyes  and  drugs)  . 

585,000 

740,000 

Iron  and  steel  (cleaning) . 

590,000 

980,000 

Metallurgy . 

350,000 

570,000 

Paints  and  pigments . 

430,000 

500,000 

Explosives  . 

140,000 

190,000 

Rayon  and  cellulose  film . 

318,000 

400,000 

Textiles . 

90,000 

116,000 

Storage  batteries,  etc.  (misc.)  . .  . 

355,000 

400,000 

Total . 

6,678,000 

8,181,000 

The  weight  of  this  annual  production  is  greater  than  the  com¬ 
bined  weight  of  all  the  people  in  the  United  States.  Its  value 
is  about  $42,000,000  per  year. 
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Courtesy  of  the  Texas  Gulf  Sulphur  Company ,  Inc. 

Fig.  61.  Compressors 

These  produce  a  pressure  of  500  to  600  pounds  per  square  inch  on  the  air 
which  helps  to  mine  sulfur. 

Sulfuric  Acid  Manufacture.  The  manufacture  of  sulfuric 
acid  is  not  at  all  a  centralized  process.  Most  of  the  acid  is  made 
as  a  subsidiary  process  by  those  industries  which  expect  to  use 
it  in  the  processing  of  other  things.  In  other  instances  the  acid 
is  produced  by  concerns  which  produce  sulfur  dioxide  as  a 
by-product.  This  and  other  sulfur  compounds  have  a  real 
money  value  and  should  be  cared  for  anyway.  It  is  much 
cheaper  to  convert  them  to  sulfuric  acid  than  it  is  to  dump 
them  as  waste.  Hence  copper  smelters  find  themselves  forced 
to  manufacture  sulfuric  acid.  The  oil  refining  industry  needs 
this  acid  and  it  also  must  rid  the  crude  petroleum  of  naturally 
occurring  sulfur  compounds.  The  combination  of  these  two 
things  results  in  the  oil  industry  being  in  position  to  manufac¬ 
ture  a  part  of  the  sulfuric  acid  which  it  needs. 

Regardless  of  how  sulfuric  acid  is  to  be  made  the  first  step 
in  the  process  is  the  conversion  of  the  sulfur  to  sulfur  dioxide. 

S  +  O2  — >  S02  +  69,300  calories 
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If  they  start  with  pure  sulfur  it  may  be  burned  like  any  fuel. 
If  they  start  with  hydrogen  sulfide  it  will  also  burn. 

2H2S  4-  3O2  — *  2H20  +  2SO2  +  128,000  calories 

Most  of  the  copper  ores  are  sulfides  and  in  order  to  get  the 
copper  these  are  first  heated  in  a  blast  of  hot  air. 

2CuS  +  302  ->  2CuO  +  2S02 

The  sulfide  ores  of  zinc  are  roasted  in  the  air  in  order  to  free 
them  of  sulfur. 

2ZnS  +  302  ->  2ZnO  +  2S02 

There  are  large  supplies  of  iron  sulfide  (pyrites)  which  may 
be  used  as  a  source  of  sulfur  dioxide  by  burning  though  they 
are  not  at  present  considered  as  ores  of  iron.  The  sulfur  diox¬ 
ide  made  from  pure  sulfur  is  free  from  harmful  impurities 
while  that  made  from  burning  ores  is  usually  contaminated 
with  impurities  such  as  the  oxides  of  arsenic. 

The  essential  step  in  the  manufacture  of  sulfuric  acid  is  the 
union  of  sulfur  dioxide  with  more  oxygen  to  produce  sulfur 
trioxide. 

2S02+  02  ^  2S03  +  45,200  calories 

At  room  temperature  this  reaction  proceeds  at  an  extremely 
slow  rate.  It  may  be  caused  to  speed  up  by  heating  the  gases  but 
at  the  same  time  the  reverse  reaction  by  which  the  sulfur  tri¬ 
oxide  decomposes  to  oxygen  and  sulfur  dioxide  is  also  speeded 
up.  There  are  two  general  methods  for  making  the  sulfur  tri¬ 
oxide  form  faster  than  it  decomposes.  The  first  of  these  is  to 
use  a  catalyst  and  the  second  is  to  use  some  oxidizing  agent. 

The  Contact  Process.  There  are  several  catalytic  agents 
which  will  bring  about  the  more  rapid  union  of  sulfur  dioxide 
with  oxygen.  Among  these  are  platinum,  iron  oxide,  and  vana¬ 
dium  pentoxide.  These  different  catalysts  do  not  speed  up  this 
reaction  to  the  same  extent  at  all.  For  many  years  a  platinum 
catalyst  was  used  entirely  but  since  1926  the  vanadium  pentox¬ 
ide  catalyst  has  increasingly  replaced  it.  The  impurities  present 
in  the  sulfur  dioxide  cause  a  platinum  catalyst  to  cease  func- 
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tioning  unless  the  gas  is  specially  purified.  It  is  said  to  become 
“  poisoned.”  The  makers  of  the  vanadium  pentoxide  catalyst 
claim  that  it  is  free  from  such  troubles. 

Water  Strong 


Sulfur  Dust  Washing  Drying  Purifier  Catalyst  Sulfuric 
Burner  Chamber  Chamber  Chamber  Acid 


Fig.  62.  The  Contact  Process 

Let  us  write  the  reaction  equation  for  the  formation  of  sulfur 
trioxide  in  the  reverse  order  to  what  we  have  done  above. 

2S03  +  45,200  calories  2S02  +  02 

From  this  we  would  infer  that  at  high  temperatures  heat  would 
be  more  available  and  as  a  result  the  sulfur  trioxide  would  de¬ 
compose.  At  400°  C.  this  decomposition  is  very  slight  but  at 
1000°  C.  it  is  rapid  and  complete.  In  the  catalytic  process  it  is 
necessary  that  the  temperature  be  adjusted  at  some  point  where 
net  formation  of  the  sulfur  trioxide  is  great  enough  to  make 
the  process  possible.  This  occurs  at  about  500°  C.  Since  a  large 
amount  of  heat  is  liberated  by  the  union  of  oxygen  with  sulfur 
dioxide  it  becomes  necessary  to  cool  the  reaction  chamber. 
This  is  done  by  using  it  as  a  stove  to  heat  up  the  mixture  of 
sulfur  dioxide  and  air  which  is  to  pass  over  the  catalyst. 

The  Lead  Chamber  Process.  The  process  for  sulfuric  acid 
manufacture  which  depends  upon  an  oxidizing  agent  is  called 
the  lead  chamber  process  after  the  large  lead-lined  rooms  in 
which  the  reaction  takes  place.  In  this  method  the  sulfur  diox¬ 
ide  from  burning  sulfur  or  metallic  sulfides,  together  with  any 
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impurities  which  it  may  contain,  is  passed  into  large  lead-lined 
rooms.  Into  these  same  rooms  are  sent  an  excess  of  air,  a  mix¬ 
ture  of  nitrogen  dioxide  (N02)  and  nitric  oxide  (NO),  and 
steam.  The  reactions  which  take  place  are  not  entirely  under¬ 
stood  but  we  may  express  the  essential  change  as  the  oxidation 
of  the  sulfur  dioxide  to  sulfur  trioxide  by  the  N02. 

S02  4-  N02  S03  4-  NO 

The  steam  reacts  with  the  SOs  to  produce  sulfuric  acid. 

S03  4-  H20  ->  H2SO4 

The  excess  of  air  which  is  present  furnishes  the  oxygen  neces¬ 
sary  to  change  the  NO  back  to  N02.  This  it  does  easily. 

2NO  4-  02  — >  2N02 

In  actual  operation  no  sulfur  trioxide  is  isolated  and  the  sul¬ 
furic  acid  reacts  with  the  oxides  of  nitrogen  to  form  what  is 
called  “  niter  acid.” 

H2SO4  4-  NO  +  N02  ±=f  H20  4-  2H(N0)S04  (niter  acid) 

The  excess  of  steam  present  decomposes  this  niter  acid  again 
to  give  the  oxides  of  nitrogen  and  sulfuric  acid.  This,  you  see, 
is  the  reverse  of  the  above  reaction.  Great  precautions  are  taken 
to  be  sure  that  the  oxides  of  nitrogen  are  not  lost.  The  appa¬ 
ratus  is  so  designed  that  these  are  all  returned  to  the  process 
to  convert  more  sulfur  dioxide  to  the  trioxide. 

The  rooms  (chambers)  in  which  these  reactions  take  place 
are  huge,  being  sometimes  as  much  as  150  feet  long,  25  feet 
high,  and  30  feet  wide.  Lead  is  used  as  their  lining  because  it 
is  insoluble  in  the  dilute  acid  which  is  formed.  This  insolubility 
is  due  to  the  formation  of  a  thin  layer  of  insoluble  lead  sulfate 
over  the  surface  of  the  lead. 

The  acid  produced  by  this  method  contains  about  63  percent 
of  the  compound  H2S04  in  water.  For  many  purposes  this  may 
be  used  without  further  concentration.  The  fertilizer  industry, 
which  is  the  largest  single  consumer  of  sulfuric  acid,  can  use 
this  dilute  acid  quite  easily.  On  the  other  hand,  the  explosives 


COMPARISON  OF  TWO  METHODS  245 

industry  must  have  concentrated  sulfuric  acid  which  contains 
no  water.  In  order  to  get  this,  either  the  chamber  acid  must  be 
concentrated  by  boiling  out  the  water,  or  the  industry  may 
turn  to  the  contact  process  which  furnishes  a  concentrated 
acid.  The  evaporation  of  the  water  in  dilute  sulfuric  acid  is  an 
expensive  process  since  costly  containers  must  be  used  and 


much  heat  is  required.  Some  of  the  evaporation  may  be  done 
in  lead  pans  but  if  the  acid  gets  stronger  than  77  percent  it  dis¬ 
solves  off  the  protective  coating  of  lead  sulfate  and  the  lead 
begins  to  go  into  solution.  Sometimes  porcelain,  platinum,  or 
duriron  (a  special  alloy  of  iron  and  silicon)  are  used  to  hold 
the  acid  being  concentrated. 

Comparison  of  the  Two  Methods.  The  contact  process 
may  produce  any  desired  dilution  or  concentration  of  acid. 
It  is  usually  quite  pure  because  the  starting  materials  are  pure. 
To  offset  these  advantages  is  the  cost  of  the  contact  process 
both  for  beginning  materials  and  for  maintenance.  The -cata¬ 
lyst  must  be  specially  prepared.  If  pure  acid  is  desired  the  raw 
materials  used  must  be  pure.  Both  set  a  higher  price  at  once. 
The  chamber  acid  is  furnished  only  in  diluted  form,  it  always 
contains  certain  impurities  such  as  arsenic,  lead,  oxides  of  nitro¬ 
gen,  compounds  of  iron,  and  other  metal  compounds.  How- 
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ever,  the  raw  materials  used  are  cheap,  the  upkeep  of  the  plant 
is  small,  and  the  operation  costs  are  low.  The  lead  chamber 
process  is  able  to  continue  in  operation  because  a  great  amount 
of  the  sulfuric  acid  consumed  may  be  of  this  dilute  and  impure 
type  and  thus  the  products  sell  at  a  lower  figure.  At  the  present 
time  the  two  processes  furnish  almost  equal  quantities  of  the 
acid. 

When  we  consider  that  about  one  third  of  all  the  sulfuric 
acid  manufactured  goes  for  the  preparation  of  fertilizers,  it  is 
easily  seen  that  a  drop  in  farm  produce  prices  will  at  once 
cause  a  drop  in  the  amount  of  acid  used,  and  thus  a  drop  in  the 
acid  produced.  It  is  the  acid  manufactured  by  the  lead  chamber 
process  which  is  affected  by  farm  conditions.  Since  this  acid 
is  so  vital  to  so  many  different  industries,  the  total  output  is 
directly  affected  by  business  conditions  in  general.  A  chart  of 
sulfuric  acid  production  shows  the  same  variations  as  does  a 
chart  of  business  in  general  taken  over  the  same  interval  of 
time.  For  this  reason  it  is  sometimes  said  that  general  business 
conditions  may  be  predicted,  or  estimated,  by  simply  observ¬ 
ing  the  relative  prosperity  or  poverty  of  the  sulfuric  acid 
industry.  In  the  future  this  may  become  less  true  because  of 
the  growing  use  of  hydrochloric  acid  in  place  of  sulfuric. 
But  there  will  be  a  natural  limit  to  this  substitution. 

Other  Uses  of  Sulfur.  Other  uses  of  sulfur  are  too  numer¬ 
ous  to  list  in  detail  here,  but  a  few  of  the  more  common  we  may 
consider.  Sulfur  dioxide,  which  is  producd  by  burning  sulfur 
in  oxygen,  finds  considerable  use  in  the  bleaching  of  wool, 
silk,  and  straw.  When  moisture  is  present  it  serves  as  a  very 
effective  temporary  bleaching  agent  for  these  things.  But  in 
time  a  yellow  color  will  appear  on  the  goods  so  treated.  Dried 
fruits  are  frequently  exposed  to  sulfur  dioxide  to  preserve  the 
white  color  of  the  fruit,  as  in  dried  apples.  But  the  use  of  cans 
is  cutting  down  this  use.  Some  effort  has  been  made  to  permit 
the  use  of  sulfur  dioxide  as  a  preservative  for  meat,  but  this 
does  not  appear  to  be  safe  and  is  at  present  prohibited.  In  the 
liquid  form,  sulfur  dioxide  is  used  to  a  great  extent  in  mechani¬ 
cal  refrigerators.  The  liquid  evaporates  in  the  coils  within  the 
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box  and  thus  absorbs  heat.  The  gas  is  compressed  outside  the 
box  and  the  heat  released  to  the  air  by  means  of  a  system  of 
cooling  coils  (Chapter  9). 

In  the  manufacture  of  rayon  by  the  viscose  process,  which 
is  generally  used,  a  compound  of  sulfur  is  employed.  The  cellu¬ 
lose  together  with  sodium  hydroxide  is  mixed  with  carbon 
disulfide  (CS2)  and  the  viscose  solution,  from  which  the  fibers 
are  obtained,  results.  In  the  manufacture  of  rubber  articles  also 
it  is  necessary  to  render  the  rubber  nonreactive  to  changes  in 
temperature.  This  is  done  by  heating  it  with  sulfur  in  the 
process  known  as  vulcanizing.  Various  degrees  of  hardness  of 
the  rubber  are  obtained  by  increasing  the  sulfur  content  of 
the  finished  product. 

As  an  insecticide  —  a  killer  of  bugs  or  their  eggs  —  and  fungi¬ 
cide  —  a  killer  of  plant  fungus  —  sulfur  has  many  good  quali¬ 
ties.  When  the  very  fine  dust  of  sulfur  comes  into  contact  with 
many  insects,  it  causes  them  to  die.  In  the  prevention  of  various 
fungus  growths,  such  as  rose  spot,  it  is  common  practice  to 
dust  the  plant  with  sulfur  dust.  In  some  instances,  such  as  in 
orchards  of  fruit  trees,  it  is  too  difficult,  except  by  costly  air¬ 
plane  dry-spraying  to  attempt  dusting.  Hence  a  solution  of 
calcium  polysulfide  is  sprayed  onto  the  trees  during  the  dor¬ 
mant  period.  The  air  acts  upon  the  polysulfides  to  produce 
very  fine  sulfur  which  destroys  certain  of  the  insect  pests. 
These  solutions  are  known  as  “  lime-sulfur  ”  sprays. 

Photography  depends  upon  sodium  thiosulfate  (Na2S203) 
which  has  been  mentioned  previously  as  “  hypo.”  This  sub¬ 
stance  in  solution  is  used  to  dissolve  out  unchanged  silver  salts 
after  the  film  or  picture  has  been  developed.  The  bleaching 
industry  uses  this  same  substance  to  free  the  bleached  cloth 
of  all  excess  chlorine  and  here  it  is  called  an  “  antichlor.” 

Sulfur  is  frequently  used  as  an  electric  insulator  for  some 
types  of  electrical  appliances.  When  molten  sulfur  is  stirred 
in  with  sand,  the  mixture  sets  to  a  hard  mass  which  makes  an 
excellent  acid-proof  cement  for  anchoring  rods  in  cement  or 
stone.  Sulfur  is  also  mixed  with  asbestos  fiber  and  cement  to 
form  an  artificial  stone  which  is  quite  resistant  to  chemical 
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action.  Certain  important  black  dyes  also  employ  sulfur  in 
their  manufacture.  And,  of  course  as  everyone  knows,  gun¬ 
powder  and  matches  both  must  use  it. 

CHEMISTRY  OF  SULFUR 

Sulfur  may  exist  in  several  forms.  As  found  in  nature  it  is 
in  the  form  of  rhombic  crystals.  These  have  a  density  of  2.06 
grams  per  c.c.  (one  cubic  centimeter  of  it  weighs  2.06  grams) 
and  if  heated  rapidly  will  melt  at  1 14.5°  C.  If  the  temperature 
is  raised  to  a  little  above  96°  C.,  however,  these  rhombic  crys¬ 
tals  slowly  change  to  needlelike  crystals  which  have  a  density 
of  only  1.96  grams  per  c.c.  and  which  melt  at  119°  C.  If  sulfur 
which  has  been  melted  is  allowed  to  cool  slowly  it  will  solidify 
in  the  needle  form.  These,  if  cooled  below  96°  will  slowly 
change  to  the  rhombic  form.  Here  we  have  another  example 
of  an  element  existing  in  more  than  one  distinct  form.  It  is 
an  example  of  allotropy.  The  two  kinds  of  crystals  are  allo- 
tropic  forms  of  sulfur.  The  temperature  at  which  the  change 
from  one  form  to  another  occurs  is  called  the  transition  point. 

Melted  sulfur  is  a  pale  yellow  liquid  which  flows  as  readily 
as  water  if  the  temperature  is  kept  near  the  melting  point.  As 
the  temperature  is  raised,  the  liquid  sulfur  becomes  dark  and 
thick  (viscous).  At  about  200°  C.  it  is  so  viscous  that  the  tube 
in  which  it  is  being  heated  may  be  inverted  without  the  sulfur 
running  out.  If  the  temperature  is  raised  further  the  sulfur 
again  becomes  mobile  and  at  444.5°  C.  it  boils.  There  is  no 
doubt  but  that  additional  allotropic  forms  of  sulfur  are  in¬ 
volved  during  these  changes  in  fluidity.  By  pouring  the  almost 
boiling  sulfur  into  cold  water  we  may  obtain  a  rubberlike  mass 
called  plastic  sulfur.  If  sulfur  is  boiled  and  the  vapors  con¬ 
densed  on  the  walls  of  a  cold  vessel  we  may  obtain  a  powder 
called  flowers  of  sulfur. 

Sulfur  is  Like  Oxygen.  Sulfur  is  in  the  same  group  in  the 
periodic  table  as  is  oxygen  and  because  of  this  we  may  expect 
the  two  elements  to  have  certain  chemical  properties  in  com¬ 
mon.  We  have  seen  how  most  of  the  metals  will  combine  with 
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oxygen  at  elevated  temperatures  to  form  oxides.  In  the  same 
way  almost  all  of  the  metals  will  combine  with  sulfur  to  form 
sulfides.  A  mixture  of  iron  filings  and  sulfur,  if  heated,  will 
react  rapidly  to  form  iron  sulfide.  The  heat  evolved  during  the 
reaction  is  sufficient  to  heat  the  reacting  materials  to  a  bright 
red. 

Fe  +  S  — ■>  FeS  (iron  sulfide)  +  23,000  calories 

A  warm  piece  of  copper  dipped  into  boiling  sulfur  becomes 
red-hot  as  the  two  unite  to  form  copper  sulfide. 

Cu  +  S  — >  CuS  +  11,600  calories 

These  reactions  are  typical  of  all  the  metals  except  gold  and 
platinum.  These  two  metals  do  not  react  with  sulfur  at  all. 

With  hydrogen,  boiling  sulfur  unites  to  form  hydrogen 
sulfide  (H2S). 

H2  +  S  — >  H2S  +  5,260  calories 

When  various  compounds  which  contain  hydrogen,  such  as 
petroleum  and  fats,  are  heated  with  sulfur  they  give  up  some 
of  their  hydrogen  and  it  appears  as  hydrogen  sulfide.  This 
seems  to  be  opposite  to  the  hydrogenation  process  which  we 
studied  in  the  discussion  on  hydrogen. 

Carbon  and  sulfur  unite  if  they  are  heated  together  in  closed 
electric  furnaces.  The  carbon  disulfide  formed  is  extremely 
inflammable  and  must  be  kept  away  from  air  while  it  is  warm. 

C  +  2S  ->  CS2 

This  is  a  valuable  solvent  for  rubber  and  is  also  used  in  the 
production  of  rayon  by  the  viscose  process.  Phosphorus  and 
sulfur  unite  to  form  P4S3  which  is  used  in  the  heads  of  matches. 

Sulfur  Dioxide.  The  union  of  sulfur  with  oxygen  has  al¬ 
ready  been  described.  Sulfur  dioxide  dissolves  in  water  to  form 
sulfurous  acid  which  is  easily  decomposed  by  boiling. 

S02  +  H20  ^=>  H2S03  (sulfurous  acid) 
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It  is  this  acid  which  produces  the  bleaching  action  of  sulfur 
dioxide  on  straw,  wool,  silk,  and  fruit  which  have  been  mois¬ 
tened.  With  alkaline  substances  such  as  sodium  hydroxide  and 
lime,  sulfurous  acid  reacts  to  form  salts  known  as  sulfites. 

2NaOH  +  H2S03  — »  H20  +  Na2S03  (sodium  sulfite) 
Ca(OH)2  +  H2S03  — »  2H20  +  CaS03  (calcium  sulfite) 

These  compounds  may  be  formed  by  passing  a  stream  of  sul¬ 
fur  dioxide  into  a  solution  of  the  alkali  in  water.  If  an  excess 
of  sulfur  dioxide  is  passed  into  a  solution  of  a  sulfite  it  produces 
a  bisulfite  due  to  the  formation  of  additional  sulfurous  acid. 

Na2S03  +  H20  +  S02  — >  2NaHS03  (sodium  bisulfite) 
CaS03  +  H20  +  S02  — >  Ca(HS03)2  (calcium  bisulfite) 

It  may  be  remembered  that  carbonic  acid  behaves  in  a  similar 
fashion  toward  carbonates.  Calcium  bisulfite  is  extremely  im¬ 
portant  to  the  paper  industry  because  of  its  ability  to  dissolve 
the  gluelike  material  (lignin)  which  holds  the  wood  fibers  to¬ 
gether.  Chips  of  wood  are  heated  in  calcium  bisulfite  solutions 
in  order  to  separate  the  fibers  of  cellulose  so  that  they  may  be 
used  for  paper.  Sodium  bisulfite  is  an  excellent  “  antichlor  ” 
for  the  removal  of  chlorine  from  cloth  which  has  been 
bleached. 


SUMMARY 

Sulfur  has  been  known  since  the  time  of  the  ancients.  It  has 
long  been  connected  with  superstition  and  the  treatment  of 
human  ills. 

Compounds  of  sulfur  occur  in  the  cells  of  animals,  in  under¬ 
ground  streams  of  water,  and  in  the  ores  of  metals.  The  free 
element  is  mined  in  Sicily  and  in  Texas.  Because  it  is  so  widely 
used  it  is  called  a  key  chemical. 

In  America  sulfur  is  mined  by  the  Frasch  process  which 
melts  the  sulfur  900  feet  below  the  surface  by  means  of  super¬ 
heated  water  and  brings  it  to  the  surface  by  compressed  air. 

Sulfuric  acid  manufacture  consumes  a  large  part  of  the  sulfur 
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mined.  This  acid  is  made  by  two  methods,  the  contact  process 
and  the  lead  chamber  process.  The  first  brings  about  the  oxida¬ 
tion  of  sulfur  dioxide  to  the  trioxide  by  means  of  air  in  the 
presence  of  a  catalyst.  The  second  brings  about  this  oxidation 
by  means  of  oxides  of  nitrogen  which  may  react  with  air  to 
be  used  again. 

Sulfur  is  like  oxygen  in  that  it  combines  with  most  metals  at 
elevated  temperatures.  It  also  combines  with  hydrogen  and 
some  of  the  nonmetals.  Sulfur  exists  in  several  allotropic  forms. 
The  free  element  is  used  as  an  insecticide  and  as  a  fungicide.  It 
reacts  with  raw  rubber  to  form  vulcanized  rubber. 

Sulfur  dioxide  is  a  by-product  in  many  industries  especially 
in  the  metallurgy  of  the  metals.  It  is  a  bleaching  agent,  has  some 
preservative  qualities,  and  is  used  as  the  liquid  in  some  mechani¬ 
cal  refrigerators.  With  water  it  reacts  to  form  sulfurous  acid. 
Sulfur  dioxide  is  the  starting  point  in  the  manufacture  of  sul¬ 
furic  acid. 


REVIEW  QUESTIONS 

1.  Describe  the  Frasch  process  for  mining  sulfur.  How  does 
this  differ  from  the  method  used  in  Europe? 

2.  For  what  reasons  may  we  say  that  the  consumption  of  sul¬ 
furic  acid  is  a  good  barometer  of  business? 

3.  From  what  sources  may  large  amounts  of  sulfur  dioxide  be 
obtained? 

4.  List  some  uses  of  sulfur  dioxide  and  state  the  chemical  or 
physical  change  which  it  undergoes  during  each  use  listed. 

5.  What  chemical  change  constitutes  the  most  difficult  step  in 
the  manufacture  of  sulfuric  acid? 

6.  What  are  the  relative  advantages  and  disadvantages  of  the 
contact  and  lead  chamber  processes  of  making  sulfuric  acid? 

7.  What  fact  should  make  a  vanadium  pentoxide  catalyst  bet¬ 
ter  than  platinum  in  the  contact  process? 

8.  Sulfur  dioxide  reacts  with  oxygen  much  faster  at  500°  than 
at  200°.  Why  not  carry  out  the  reaction  at  1000°?  Explain  fully. 

9.  What  do  we  mean  by  allotropy?  Transition  point?  Illus¬ 
trate  each  of  these  with  sulfur. 

10.  Why  do  we  say  that  sulfur  is  like  oxygen? 
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1 1.  Of  what  use  are:  sodium  bisulfite?  calcium  bisulfite?  sodium 
thiosulfate? 

12.  Write  the  reaction  equations  for  the  preparation  of  calcium 
bisulfite  from  quicklime,  sulfur  dioxide,  and  water. 

13.  List  some  uses  for  the  free  element  sulfur. 

14.  What  happens  when  sulfur  is  warmed  with  compounds  like 
paraffin  which  contain  both  carbon  and  hydrogen? 
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EXPLOSIVES,  FERTILIZERS, 
NITRIC  ACID,  AMMONIA 


The  greatest  single  consumer  of  sulfuric  acid  is  the  fertilizer 
industry.  Considerable  sulfuric  acid  is  also  used  in  the  manu¬ 
facture  of  explosives,  and,  in  the  past,  much  has  been  used  in 
making  nitric  acid.  Because  of  the  very  close  relationship  be¬ 
tween  fertilizers,  explosives,  nitric  acid,  and  ammonia  we  will 
discuss  them  in  the  same  chapter  so  as  to  see  the  link  connecting 
them.  This  vital  relationship  is  due  to  the  fact  that  each  of 
them  contains  nitrogen. 

The  Importance  of  Nitrogen.  Nitrogen  was  mentioned  in 
Chapter  4  as  the  chief  constituent  of  the  atmosphere  of  which 
it  makes  up  about  78  percent.  Its  presence  in  the  air  is  note¬ 
worthy  because  it  dilutes  the  oxygen  and  thus  prevents  too 
rapid  burning  of  fire  and  of  the  materials  which  supply  heat 
and  energy  to  our  bodies.  This  property  of  nitrogen  is  typical 
of  the  great  inertness  of  the  element  which  shows  a  decided 
unwillingness  to  combine  with  anything  else  under  any  ordi¬ 
nary  conditions.  Nevertheless,  despite  this  difficulty,  nitrogen 
compounds  are  among  the  most  essential  for  the  preservation 
of  life.  The  materials  of  which  our  body  cells  are  made  con¬ 
tain  many  nitrogen  compounds,  and  it  is  a  well-known  fact 
that  all  plant  and  animal  proteins,  amino  acids,  and  certain  body 
regulators  are  nitrogen-containing  substances.  Another  odd 
and  important  fact  is  that  neither  plants  nor  animals  are  able  to 
draw  upon  free  atmospheric  nitrogen  as  a  source  of  supply. 
Thus  growing  plants  are  surrounded  by  tons  of  this  element, 
but  they  may  starve  for  want  of  nitrogen  in  a  usable  form. 
The  situation  becomes  even  more  pathetic  when  we  realize 
that  animals  are  entirely  dependent  upon  plants  for  the  source 
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of  their  nitrogen  compounds.  We  may  state  the  matter  in  a 
simple  way  by  saying  that  plants  can  utilize  nitrogen  in  the 
form  of  nitrates  while  animals  can  utilize  plant  or  animal  pro¬ 
teins  in  their  various  forms.  The  whole  scheme  of  life,  then, 
hinges  upon  the  supply  of  nitrates  in  the  soil. 


The  Cycle  of  Nitrogen  in  Nature.  The  atmosphere  serves 
as  a  natural  reservoir  for  the  nitrogen  supply  of  the  world.  All 
nitrogen-containing  substances  which  occur  in  plants  and  ani¬ 
mals  may  be  decomposed  by  the  action  of  bacteria,  and  thereby 
the  nitrogen  is  released  as  the  free  element.  There  are  cer¬ 
tain  processes  which  occur  in  nature  such  as  lightning  dis¬ 
charges  that  tend  to  cause  the  atmospheric  nitrogen  to  unite 
with  other  elements.  In  addition  to  this  there  are  certain  man¬ 
made  processes  which  accomplish  this  same  result  and  much 
nitrogen  is  so  “  fixed  ”  in  the  form  of  usable  compounds.  Be¬ 
cause  of  the  chemical  combination  and  subsequent  release  of 
the  nitrogen  of  the  air  we  speak  of  the  cycle  of  nitrogen  in 
nature.  The  diagram  of  Figure  64  illustrates  this  idea. 
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Nitrogen  in  Explosives.  Since  the  discovery  of  gunpow¬ 
der,  explosives  have  played  an  important  part  in  the  course  of 
civilization.  The  most  dramatic  use  of  explosives  is  during  war 
when  battleships  shell  each  other  or  towns;  when  airplanes 
drop  bombs  on  peaceful  cities;  when  artillery  blasts  at  dug- 
outs  and  machine  guns  chatter  of  human  death.  But  there  are 
many  important  peaceful  applications  of  explosive  power  with 
far  more  lasting  benefits  to  mankind.  We  have  only  to  consider 
how  difficult  it  would  be  without  explosives  to  build  highways, 
railroads,  bridges,  dams,  mines,  and  tunnels  in  order  to  see  that 
much  of  modern  progress  depends  directly  upon  them.  Now 
almost  all  explosives  are  made  with  the  help  of  nitric  acid  or 
the  nitrates  which  are  salts  of  nitric  acid  and  again  we  are  con¬ 
fronted  with  a  great  demand  for  the  same  compounds  of  ni¬ 
trogen  which  the  plants  must  get  from  the  soil. 

Sources  of  Nitrogen  Compounds.  It  seems  a  bit  queer  but 
there  are  very  few  natural  minerals  which  contain  nitrogen. 
In  the  high,  desert  regions  of  the  country  of  Chile  along  the 
western  coast  of  South  America  there  is  a  large  deposit  con¬ 
taining  sodium  nitrate  (NaNOs).  Until  recent  years  this  has 
supplied  the  bulk  of  the  nitrates  and  nitric  acid  which  the 
world  has  used.  Naturally,  such  an  outside  source  has  been  a 
serious  handicap  to  any  other  country  plunged  in  war.  Just  at 
the  time  when  their  nitrogen  needs  have  been  greatest,  their 
certainty  of  supply  has  been  at  a  minimum.  Then,  too,  such  a 
natural  supply  is  sure  to  give  out  if  worked  continually.  The 
need  for  some  artificial  source  was  recognized  more  than  fifty 
years  ago. 

There  is  one  comparatively  small  source  of  supply.  The 
conversion  of  coal  to  coke  is  carried  out  all  over  the  world. 
Coke  is  needed  for  the  production  of  iron  and  other  metals 
from  their  ores.  This  conversion  of  coal  is  accomplished  by 
heating  which  drives  off  everything  which  will  boil  away. 
This  includes  a  small  amount  of  the  nitrogen  compound,  am¬ 
monia  (NH3),  and  this  substance  is  very  carefully  collected. 
The  total  ammonia  obtained,  of  course,  depends  upon  the 
amount  of  coke  produced  but  it  usually  runs  into  hundreds  of 


2  56 


EXPLOSIVES ,  FERTILIZERS 

thousands  of  tons  each  year.  Another  peculiar  thing  about 
nitrogen  is  that  when  once  it  is  combined  with  other  elements 
it  is  fairly  easy  to  change  it  from  one  compound  to  another. 
Thus  ammonia  may  be  easily  converted  to  nitric  acid  by  well- 
established  processes,  and  so  the  ammonia  from  coal  finds  its 
way  into  the  channels  of  explosives  and  fertilizers. 

Fixation  of  Atmospheric  Nitrogen.  1.  Bacteria.  There  are 
certain  plants  such  as  peas  and  beans,  called  the  legumes,  which 

aid  in  the  natural  fixa¬ 
tion  of  the  nitrogen 
from  the  atmosphere. 
While  these  plants  can¬ 
not  react  with  the  ni¬ 
trogen  their  roots  serve 
as  dwelling  places  for  a 
type  of  bacteria  which 
do  take  nitrogen  from 
the  air  and  convert  it 
to  compounds.  This 
process  takes  place  at 
ordinary  temperatures. 
Surely  it  must  not  be  a  very  difficult  method  of  making  nitro¬ 
gen  compounds  but  the  secret  has  never  been  learned  by  man. 
This  method  of  getting  nitrogen  into  the  soil  is  a  very  impor¬ 
tant  one.  Hence  most  farmers  try  to  plant  such  a  crop  of 
legumes  every  three  or  four  years.  The  nitrogen  content  of 
the  plants  themselves  is  quite  high  and  it  is  common  practice 
to  “  plow  under  ”  the  entire  crop.  Some  governmental  aid  is 
given  to  encourage  the  planting  of  legumes  on  poor  soil. 

2.  Electrical  Discharge.  It  has  long  been  known  that  light¬ 
ning  and  other  electrical  discharges  through  the  air  cause  the 
union  of  some  nitrogen  with  oxygen.  The  temperature  required 
is  about  3000°  C. 

N2  +  02  +  43,000  calories  2NO  (nitric  oxide) 

At  the  temperature  of  the  electric  arc  or  other  discharge  the 
nitric  oxide  decomposes  to  give  oxygen  and  nitrogen.  The 


Fig.  65.  Nodules  of  Nitrogen  Fixing 
Organisms  on  Roots  of  Legumes 
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Courtesy  of  the  American  Cyanamid  Company 

Fig.  66.  Battery  of  Lime  Kilns 
Each  kiln  has  a  capacity  of  100  tons  of  lime  per  24-hour  day. 


nitric  oxide  is  able  to  react  with  additional  oxygen  if  the  tem¬ 
perature  is  much  lower.  In  practice  this  may  be  accomplished 
by  blowing  in  an  excess  of  air. 

2NO  +  02  — >  2N02  (nitrogen  dioxide) 

The  nitrogen  dioxide  thus  produced  will  react  rapidly  with 
water  to  produce  nitric  acid. 

3N02  +  H20  ->  2HN03  (nitric  acid)  +  NO 

During  an  electrical  and  rain  storm  the  nitric  acid  so  formed 
finds  its  way  into  the  soil  but  the  total  nitrogen  fixed  in  this 
way  is  relatively  small.  As  early  as  1900,  men  tried  to  dupli¬ 
cate  nature  in  this  method  by  making  artificial  lightning.  They 
succeeded  about  1904.  The  amount  of  electrical  energy  re¬ 
quired  is  quite  high  and  the  method  can  be  used  only  with 
very  cheap  electricity.  The  total  nitrogen  so  converted  to 
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Courtesy  of  the  American  Cyanamid  Company 


Fig.  67.  The  World’s  Largest  Electric  Furnace 
Lime  and  coke  are  fused  together  at  4000°  F.  to  produce  calcium  carbide. 


compounds  (fixed)  is  small  and  probably  is  used  nowhere 
outside  of  Norway. 

3.  Cyanamide  Process .  During  the  first  World  War  the 
government  of  the  United  States  built  a  large  plant  at  Muscle 
Shoals,  in  Alabama,  which  was  designed  to  combine  the  nitro¬ 
gen  from  the  air  with  calcium  carbide  to  form  the  substance 
known  as  cyanamide.  The  plant  cost  more  than  $80,000,000. 
The  process  uses  cheap,  easily  obtained  raw  materials  and  it  is 
easily  carried  out.  The  energy  consumed  is  quite  high,  though 
not  so  high  as  in  the  electrical  discharge  method.  For  various 
reasons  the  Muscle  Shoals  plant  no  longer  attempts  to  manu¬ 
facture  nitrogen  compounds  by  this  method  but  there  is  at 
least  one  private  company  which  appears  to  make  the  process 

Pay*  b  . 

The  first  step  is  the  conversion  of  limestone  to  calcium  oxide. 
CaC03  ->  CaO  +  C02 
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Courtesy  of  the  American  Cyanamid  Company 


Fig.  68.  Liquid  Air  Plant 
Nitrogen  is  obtained  from  liquid  air. 


The  calcium  oxide  is  heated  in  electric  furnaces  with  carbon  to 
produce  calcium  carbide. 

CaO  +  3C  — >  CaC2  (calcium  carbide)  +  CO 

Next  the  calcium  carbide  is  converted  to  calcium  cyanamide 
by  heating  to  1000°  in  the  presence  of  nitrogen  which  is  ob¬ 
tained  from  liquid  air. 

CaC2  +  N2  — >  CaCN2  (calcium  cyanamide)  +  C 


The  calcium  cyanamide  is  converted  to  ammonia  by  treatment 
with  steam  under  pressure. 

CaCN2  +  3H20  ->  CaC03  +  2NH3 

The  ammonia  so  produced  may  be  converted  to  nitric  acid. 

4.  Synthetic  Ammonia.  Of  all  the  processes  which  have 
been  proposed  for  the  manufacture  of  nitrogen  compounds 
from  atmospheric  nitrogen  the  one  known  as  the  synthetic 
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ammonia ,  or  Haber ,  process  is  the  most  successful.  This  in¬ 
volves  the  direct  union  of  nitrogen  and  hydrogen  to  form 
ammonia. 

3H2  +  N2  2NH3  +  24,000  calories 

At  room  temperature  nitrogen  and  hydrogen  appear  to  react 
not  at  all.  At  550°  C.  and  at  atmospheric  pressure  it  is  possible 
to  get  0.08  percent  of  the  mixture  to  react  and  form  ammonia. 
Any  larger  amounts  of  ammonia  present  are  decomposed  to 
nitrogen  and  hydrogen.  We  say  that  the  equilibrium  is  reached 
with  this  amount  of  ammonia.  Without  a  catalyst  the  rate  of 
formation  of  ammonia  at  this  temperature  is  extremely  slow. 
At  1000°  ammonia  is  completely  decomposed  to  the  elements. 
This  means  that  the  temperature  must  be  kept  low  enough  to 
prevent  the  decomposition  and  yet  high  enough  to  give  some 
ammonia.  Haber  applied  a  little  reasoning  to  the  reaction  and 
solved  the  problem.  If  you  will  look  at  the  reaction  equation 
you  will  see  that  three  molecules  of  hydrogen  and  one  mole¬ 
cule  of  nitrogen  react  to  give  two  molecules  of  ammonia.  From 
the  law  of  Avogadro  you  will  recall  that  there  should  be  a  de¬ 
crease  in  volume  as  this  change  takes  place.  The  volume  of 
ammonia  should  be  only  half  of  the  volume  of  the  two  reacting 
gases  combined.  Haber  reasoned  that  an  increase  in  pressure 
should  favor  the  smaller  volume.  In  like  manner  an  increase 
in  temperature  supplies  more  heat  and  the  reverse  reaction  is 
encouraged.  By  increasing  the  pressure  to  about  3000  pounds 
per  square  inch  and  keeping  the  temperature  at  about  550° 
Haber  was  able  to  get  about  8  percent  of  the  gas  mixture  con¬ 
verted  to  ammonia. 

In  order  to  speed  up  the  reaction  it  is  customary  to  use  a 
catalyst.  The  most  successful  of  these  are  those  which  contain 
the  oxides  of  iron,  potassium,  and  aluminum.  It  is  necessary 
that  the  catalyst  last  a  long  time  and  that  it  be  free  from  danger 
of  being  poisoned. 

The  nitrogen  is  obtained  from  liquid  air  and  the  hydrogen 
is  obtained  by  passing  hot  steam  over  burning  coke  or  by  the 
electrolysis  of  water.  The  pure  gases  are  mixed  in  the  proper 
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proportions,  heated,  and  passed  over  the  hot  catalyst.  The 
ammonia  produced  is  removed  by  permitting  it  to  react  with 
a  suitable  reagent  and  the  unreacted  gases  are  returned  to  the 
process. 

Comparison  of  the  Methods.  As  in  other  things,  the  avail¬ 
ability  and  costs  of  energy  and  materials  have  determined  the 


relative  importance  of  the  various  processes  discussed.  This 
will  be  obvious  when  the  facts  are  considered.  To  fix  a  ton 
of  nitrogen  (convert  a  ton  of  the  element  to  its  compounds) 
requires  4000  kilowatt  hours  of  energy  if  done  by  the  Haber 
process,  15,000  kilowatt  hours  if  done  by  the  cyanamide  proc¬ 
ess,  and  65,000  kilowatt  hours  if  done  by  the  electrical  dis¬ 
charge  process.  Such  a  wide  difference  cannot  be  overlooked. 
These  figures  alone  give  sufficient  reason  for  the  rapid  conver¬ 
sion  of  all  nitrogen  fixation  plants  so  that  they  will  operate  by 
the  synthetic  ammonia  process. 
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Production  of  Nitric  Acid.  Until  the  production  of  syn¬ 
thetic  ammonia  became  world  wide,  most  of  the  nitric  acid 
used  was  prepared  by  treating  sodium  nitrate,  from  Chile, 
with  sulfuric  acid. 

H2SO4  +  NaN03  ->  NaHS04  +  HN03 

The  mixture  was  heated  and  the  more  volatile  nitric  acid 
boiled  off.  At  the  present  time,  however,  there  is  very  little 
nitric  acid  produced  in  this  manner  because  synthetic  am¬ 
monia  may  be  converted  to  nitric  acid  cheaply  enough  to  com¬ 
pete  successfully.  When  ammonia  and  air  are  passed  over  a 
hot  catalyst  of  platinum  gauze  the  ammonia  is  burned  to 
nitrogen  dioxide  and  water. 

4NH3  +  702  ->  4N02  +  6H20 

In  the  presence  of  water  the  nitrogen  dioxide  is  converted  to 
nitric  acid  quite  rapidly. 

3N02  +  H20  ->  2HN03  +  NO 

The  method  is  successful  and  the  acid  so  produced  is  quite  pure 
and  of  any  desired  concentration.  The  ammonia  for  the  manu¬ 
facture  of  nitric  acid  may  come  from  any  suitable  source. 

EXPLOSIVES 

Most  of  the  nitric  acid  produced  is  used  in  the  manufacture 
of  explosives.  A  number  of  compounds  containing  carbon  and 
hydrogen  will  react  with  nitric  acid  to  form  substances  which 
under  certain  conditions  decompose  with  immense  speed  and 
form  large  volumes  of  gaseous  products.  Usually  the  gases 
produced  consist  of  carbon  monoxide,  carbon  dioxide,  nitro¬ 
gen,  oxygen,  and  steam.  Frequently  the  rate  of  decomposition 
is  so  rapid,  and  the  heat  evolved  is  so  great,  that  an  expansion  of 
1 00,000  times  the  original  volume  takes  place  almost  instantly. 
Such  an  increase  in  volume  results  in  tremendous  pressure 
which  blows  outward.  The  result  we  call  an  explosion. 
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Nitroglycerin  and  Dynamite.  Nitroglycerin  is  formed  by 
the  treatment  of  glycerin  with  a  mixture  of  concentrated 
nitric  and  sulfuric  acids. 

C3H5(OH)3  +  3HN03  ->  C3H5(N03)3  +  3H20 

The  nitric  acid  reacts  with  the  hydroxyl  (OH)  groups  of  the 
glycerin  to  form  glyceryl  nitrate  and  water.  The  concen¬ 
trated  sulfuric  acid  reacts  with  the  water  and  prevents  it  from 
diluting  the  nitric  acid.  The  glyceryl  nitrate  is  called  nitro¬ 
glycerin.  It  is  quite  sensitive  to  both  shock  and  heat  though  is 
much  used  in  oil  field  practice. 

Nitroglycerin  is  not  safe  to  handle.  But  if  it  is  absorbed  in 
some  inert  material,  such  as  sawdust  or  wood  flour,  its  sensi¬ 
tivity  to  shock  is  considerably  lowered.  Such  a  mixture  is 
found  in  dynamite  which  is  wood  flour  mixed  with  nitro¬ 
glycerin  and  packed  in  cylinders  of  waxed  paper.  The  mate¬ 
rial  is  caused  to  explode  by  means  of  a  detonating  cap  which, 
in  turn,  is  set  off  by  fire  from  a  fuse  or  electric  spark.  The  de¬ 
velopment  of  dynamite  and  many  similar  explosives  resulted 
from  the  studies  and  experiments  of  the  Swedish  chemist, 
Alfred  Nobel,  who  later  set  aside  a  considerable  sum  of  money 
to  endow  the  international  prizes  which  bear  his  name. 

Nitrocellulose.  Nitric  acid  acts  upon  cellulose  and  starch 
in  a  manner  which  is  entirely  similar  to  its  action  with  glyc¬ 
erin.  These  two  substances  contain  hydroxyl  groups  (OH) 
in  their  molecules  and  nitric  acid  replaces  such  groups  by  ni¬ 
trate  groups  (NOs).  Both  cellulose  and  starch  may  be  repre¬ 
sented  by  the  formula  (C6HioOr))x  which  means  that  they 
each  contain  carbon,  hydrogen,  and  oxygen  in  the  ratio  shown 
but  the  actual  molecule  is  many  times  the  simple  formula.  Just 
how  many  times  the  simple  formula  must  be  used  to  represent 
the  actual  formula  we  do  not  know  and  so  we  write  the  sub¬ 
script  “  x.”  We  may  also  write  this  formula  so  as  to  show  the 
hydroxyl  groups,  and,  by  so  doing,  show  its  reaction  with 
nitric  acid. 


(C6H702(0H)3)2  +  6HN03  ->  C12H1404(N03)6  +  6H20 
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The  water  formed  is  removed  by  means  of  concentrated  sul¬ 
furic  acid  as  in  the  nitration  of  glycerin.  The  nitrated  prod¬ 
uct  is  known  as  guncotton  and  finds  considerable  use  in  the 
manufacture  of  “  smokeless  powder.” 

If  the  action  of  the  nitric  acid  is  stopped  after  three  or  four 
of  the  nitrate  groups  are  introduced  the  product  is  non¬ 
explosive  and  is  called  “  pyroxylin.”  This  substance  is  used  as 
the  basis  for  the  production  of  lacquers,  artificial  leather,  pho¬ 
tographic  film,  and  pyralin. 

Nitrotoluene  and  Nitrophenol.  With  certain  organic  liq¬ 
uids  such  as  toluene  (C7H8)  and  phenol  (C6H5OH)  nitric  acid 
acts  in  a  slightly  different  manner  to  produce  explosive  sub¬ 
stances.  Instead  of  replacing  hydroxyl  groups  by  nitrate  groups 
it  is  found  that  hydrogens  have  been  replaced  by  nitro  groups 
(N02). 

C7H8  +  3HN03  ->  C7H6(N02)3  +  3H20 

toluene  trinitrotoluene  (T.N.T.) 

C6H5OH  +  3HN03  -»  C6H2(N02)30H  +  3H20 

phenol  trinitrophenol  (picric  acid) 

In  each  case  the  water  formed  is  removed  by  concentrated 
sulfuric  acid.  Both  of  the  nitro  compounds  mentioned  are  high 
explosives  if  they  are  properly  used  but  may  be  handled  with 
perfect  safety.  Picric  acid  (trinitrophenol)  is  also  an  impor¬ 
tant  yellow  dye.  It  is,  in  addition,  widely  used  by  medicine  in 
the  treatment  of  burns  and  is  a  basic  material  for  some  sunburn 
salves. 

Black  Powder  (Gunpowder).  The  discovery  of  gunpow¬ 
der  dates  back  many  centuries.  It  has  been  attributed  to  the 
Chinese,  to  Bacon  in  England,  and  to  various  other  sources. 
However,  the  essential  ingredients  are  always  the  same.  Carbon 
and  sulfur  are  mixed  with  a  nitrate,  usually  potassium  nitrate. 
During  the  burning,  the  nitrate  (KN03)  furnishes  the  oxygen 
to  burn  the  carbon  and  sulfur  so  that  large  volumes  of  gas  are 
produced.  The  rate  of  gas  formation,  however,  is  much  slower 
than  with  such  explosives  as  nitroglycerin  and  guncotton, 
and,  as  a  result,  the  shock  due  to  the  explosion  is  less  severe. 
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In  the  mining  of  coal  and  quarrying  of  building  stone  the  ex¬ 
plosive  is  used  to  loosen  the  material  but  must  not  shatter  it. 
This  calls  for  black  powder  rather  than  for  dynamite.  In  ac¬ 
tual  mining  practice  many  factors  must  be  considered  and 
much  research  has  been  done  in  an  effort  to  prevent  fires  due 
to  the  flash  of  the  explosive.  Most  explosive  companies  have 
developed  special  types  of  explosives  for  coal  mining  in  par¬ 
ticular  so  as  not  to  fire  the  gases  (“  damp  ”)  nor  the  dust  in 
the  still  air. 

There  are  quite  a  number  of  companies  who  manufacture 
nothing  but  industrial  explosives.  Some  idea  of  the  size  of  the 
industry  can  be  obtained  from  the  fact  that  in  1936  it  produced 
392,000,000  pounds  of  industrial  explosives. 

FERTILIZERS 

The  growth  of  plants  seems  to  be  such  a  simple  thing.  We 
have  been  told  for  many  years  that  the  plant  absorbs  carbon 
dioxide  from  the  air,  drinks  in  water  from  the  soil,  and,  under 
the  influence  of  the  rays  of  the  sun  in  the  presence  of  the 
green  chlorophyll,  produces  new  plant  tissue.  We  may  be 
tempted  to  believe  that  nothing  else  is  required.  Experience 
has  shown,  however,  that  the  process  is  really  much  more  com¬ 
plex  and  that  under  certain  combinations  of  plant  food,  soil 
chemistry,  sunlight,  temperature,  and  moisture  plants  will 
grow  huge  root  systems  and  stunted  puny  tops.  Under  others 
they  will  go  all  to  stem  and  leaf.  Under  still  others  they  will 
develop  perfect  flowers  or  seeds.  The  early  American  settlers, 
for  example,  learned  from  the  practical  Indians  that  better  corn 
resulted  if  two  or  three  fish  were  planted  beneath  each  corn 
stalk.  Of  course,  some  sections  of  the  world  are  so  situated 
geographically  that  the  combinations  are  about  right  for  what 
they  grow  and  they  do  not  need  to  give  any  thought  to  the  re¬ 
quirements  for  plant  food.  But  the  great  majority  of  the  farm¬ 
ers  and  growers  of  the  world  have  been  through  the  centuries 
thinking  and  crudely  experimenting  to  find  ways  to  get  better 
plants  by  giving  them  better  food  and  drink. 
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From  Maryland  Experimental  Station  Bulletin  No.  375 

Figs.  70-73.  The  Effect  of  Nitrogen,  Phosphorus,  and  Potassium 

on  Plant  Growth 

Tomato  plant  with  complete  fertilizer  (70),  lacking  nitrogen  (71),  lacking 
phosphorus  (72),  lacking  potassium  (73). 

Photographs  supplied  through  the  courtesy  of  Dr.  Paul  L.  Fisher,  Chairman,  Botany  Department,  River¬ 
side  {Cal.)  Junior  College 

Plant  Food.  An  analysis  of  plant  tissues  gives  some  idea  of 
the  elements  which  are  necessary  for  the  growth  of  plants. 
Such  study  also  indicates  the  amounts  of  the  required  ele¬ 
ments  which  are  removed  from  the  soil  by  growing  crops. 
However,  the  relative  abundance  of  these  elements  in  the  plant 
tissue  does  not  indicate  the  true  importance  of  the  elements. 
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From  Maryland  Experimental  Station  Bulletin 

No.  375 

Figs.  74—76.  Effect  of  Minor 
Elements  on  Plant  Growth 

Tomato  plants  treated  like  that 
in  Figure  70  except  that  calcium 
is  absent  (74),  magnesium  is  ab¬ 
sent  (75),  boron  is  absent  (76). 

Photographs  supplied  through  the  courtesy  of  Dr. 
Paul  L.  Fisher,  Chairman,  Botany  Department, 
Riverside  {Cal  )  Junior  College 


Thus  one  element  may  be  present  in  mere  traces  in  the  plant 
but  its  complete  absence  from  the  soil  in  which  the  plant  grows 
may  cause  its  growth  to  all  but  cease.  In  general,  the  required 
elements  are  listed  under  two  main  divisions.  The  first  contains 
those  which  are  required  in  large  amounts  and  which  are  re¬ 
moved  from  the  soil  to  a  considerable  extent.  These  are  called 
the  elements  for  primary  plant  requirements  and  they  are 
nitrogen,  potassium,  and  phosphorus.  Nitrogen  promotes  the 
formation  of  foliage;  potassium  aids  in  the  formation  of  roots 
and  seeds  and  contributes  to  the  general  health  of  the  plant; 
and  phosphorus  makes  for  more  sturdy  stalks.  In  actual  prac- 
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From  New  Jersey  Station  Bulletin  No.  603 

Figs.  77-78.  Effect  of  Boron  on  Cotton  Plant 

Plant  with  well  formed  bolls  fed  on  complete  fertilizer  (77).  Similar 
plant  given  all  required  fertilizer  elements  except  boron  (78).  Bolls  have 
dropped  off  as  soon  as  formed. 

Photographs  supplied  through  the  courtesy  of  Dr.  C.  H.  Wadleigh,  University  of  Arkansas 

tice  there  is  a  certain  required  balance  between  these  three 
elements  and  for  this  reason  they  are  spoken  of  as  the  “  Agri¬ 
cultural  Triad.”  The  second  division  of  required  elements  are 
called  secondary  plant  requirements.  The  amounts  of  these 
which  are  removed  from  the  soil  by  growing  plants  are  small, 
but  their  presence  appears  to  be  quite  necessary.  These  are 
further  divided  into  two  groups:  those  which  must  be  present 
in  rather  large  amounts;  and  those  which  need  to  be  present 
only  in  traces.  Under  the  first  group  we  find  calcium,  sulfur, 
and  magnesium  while  under  the  second  we  find  iron,  copper, 
manganese,  zinc,  and  boron.  These  last  are  usually  present  in 
the  soil  in  sufficient  amounts  to  care  for  the  needs  of  the  plant. 

The  functions  of  the  various  required  elements  are  not  fully 
known,  but  we  can  hazard  guesses  about  some  of  them.  Ni¬ 
trogen  and  phosphorus  appear  in  the  plant  tissue.  But  it  seems 
that  potassium  does  not  take  part  in  the  organic  compounds 


SOURCES  OF  FERTILIZERS 


269 


formed.  Calcium  seems  to  enable  the  plant  to  make  the  best 
use  of  the  water  available  and  aids  in  the  assimilation  of  the 
other  required  elements.  Magnesium  is  present  in  the  chloro¬ 
phyll  molecule,  but  iron  appears  to  be  necessary  to  the  forma¬ 
tion  of  chlorophyll.  The  other  elements  surely  perform  some 
catalytic  function  which  we  do  not  understand  at  this  time. 
In  the  light  of  recent  findings  it  appears  that  any  plant  is  a 
complex  chemical  laboratory  to  which  one  supplies  certain 
raw  materials  and  from  which  one  may  obtain  various  useful 
plant  tissues.  One  may  conclude  that  the  soil  itself  is  unneces¬ 
sary  except  as  a  support  for  the  roots  so  long  as  all  the  neces¬ 
sary  foods  are  present.  It  is  interesting  to  note  that  there  are 
just  now  emerging  many  ardent  gardeners  who  are  happily 
growing  vigorous  plants  which  produce  enormous  yields  of 
fruit  when  their  gardens  consist  of  nothing  but  water  tanks 
containing  dilute  solutions  of  the  required  elements.  Metal  or 
wood  screens,  sand  or  other  suitable  porous  material  is  used 
merely  to  support  the  roots  of  the  plants  in  the  chemical  bath. 

The  Fertilizer  Industry.  Because  of  the  great  need  for  fer¬ 
tilizer  materials,  there  has  grown  up  a  large  industry  which 
attempts  to  meet  these  requirements.  All  over  the  country 
there  are  large  and  small  mixing  plants  which  gather  in  raw 
material  having  a  fertilizer  value,  mix  these  in  different  pro¬ 
portions  for  different  purposes,  and  then  sell  the  mixtures  to 
the  farmers.  Usually  these  mixtures  are  sold  with  the  percent¬ 
age  of  nitrogen,  phosphorus  and  potassium  specified  in  terms 
of  nitrogen,  phosphorus  pentoxide  (P205)  and  potash  (K20) 
which  is  potassium  oxide.  In  addition  to  compounds  of  these 
three  elements  most  fertilizer  mixtures  contain  small  amounts 
of  those  other  ingredients  which  meet  the  secondary  plant 
food  requirement.  In  1937  there  were  in  the  United  States 
more  than  700  mixing  plants  which  manufactured  mixtures 
with  a  sale  value  of  about  $200,000,000. 

Sources  of  Fertilizer  Material.  To  meet  the  demands  of 
such  a  large  industry  there  must  be  an  abundant  supply  of 
raw  material,  and  this  has  brought  about  an  extensive  investi¬ 
gation  of  our  natural  resources. 
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1.  Nitrogen  Sources.  The  source  of  nitrogen  compounds 
has  been  fully  discussed  earlier  in  this  chapter.  The  fertilizer 
industry  consumes  large  amounts  of  ammonia  in  the  form  of 
ammonium  sulfate.  When  applied  to  the  soil,  the  ammonia 
present  is  oxidized,  with  the  aid  of  the  air  and  bacteria,  to  ni¬ 
trates  which  the  plant  can  use.  Other  nitrogen  compounds  used 
include  calcium  cyanamide,  calcium  nitrate,  Chilean  nitrate, 
and  various  plant  wastes  such  as  rotted  leaves  and  straw  and 
animal  waste  such  as  ordinary  manure,  and  the  ground  bones 
and  other  discards  from  the  packing  houses,  which  may  be 
rich  in  nitrogen  compounds.  The  present  nitrogen  fixing  in¬ 
dustry  is  certainly  well  able  to  care  for  all  the  needs  which  may 
arise,  and  we  should  have  no  fear  of  ever  running  out  of  com¬ 
pounds  of  this  valuable  element.  In  1937  the  entire  world  was 
prepared  to  manufacture  nitrogen  compounds  equivalent  to 
3,763,000  tons  of  nitrogen  each  year,  which  in  addition  to  am¬ 
monia  from  coal  and  the  natural  sources  of  nitrogen  amounts 
to  a  tremendous  quantity  which  is  far  more  than  the  agricul¬ 
tural  needs.  In  this  material  and  manufacture  the  United  States 
is  exceeded  only  by  Germany  and  Japan.  Our  own  industries 
for  the  fixation  of  nitrogen  will  surely  be  expanded  to  a  great 
extent  as  a  means  of  defense. 

2.  Phosphorus  Sources.  There  are  extensive  natural  deposits 
of  phosphorus  compounds  in  this  country  as  well  as  in  various 
other  parts  of  the  world.  Our  sources  have  been  deposits  of 
impure  calcium  phosphate,  known  as  “  rock  phosphate,”  which 
occur  in  Tennessee,  Florida,  and  South  Carolina.  But  recent 
developments  have  shown  an  almost  unbelievable  amount  of 
such  material  in  the  Western  states  of  Montana,  Idaho,  Wyo¬ 
ming,  and  Utah.  It  is  easier  to  get  at  the  deposits  in  the  eastern 
part  of  the  country  and  transport  the  mined  material  to  market. 
Hence  these  are  being  worked  the  most.  The  total  reserves  of 
this  material  run  to  about  6.5  billion  long  tons  so  that  we  can¬ 
not  possibly  see  a  shortage  at  any  future  time. 

The  rock  phosphate  as  it  comes  raw  from  the  ground  cannot 
be  utilized  by  growing  plants  because  the  phosphate  is  rela¬ 
tively  insoluble  in  the  water  of  the  soil.  In  order  to  increase  the 
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solubility  of  the  phosphorus  content  of  the  rock,  it  is  treated 
with  acid  which  converts  it  to  the  so-called  superphosphate. 
Sulfuric  acid  is  usually  employed. 

Ca3(P04)2  +  2H2S04  ->  Ca(H2P04)2  +  CaS04 

rock  phosphate  superphosphate 

The  superphosphate  is  available  for  plant  food  as  soon  as  it 
enters  the  soil  because  it  is  readily  soluble  in  water.  There  is 
one  serious  objection  to 
such  a  material,  however, 
as  it  contains  many  things 
which  are  not  really  plant 
food.  It  is  true  that  the 
calcium  and  sulfur  have  a 
place  as  constituents  of  fer¬ 
tilizer  material  but  as  far  as 
phosphorus  is  concerned 
the  content  of  this  element 
in  the  mixture  is  quite  low 
(16  to  20  percent  P205). 

If  the  fertilizer  must  be 
shipped  very  far,  the 
freight  on  the  unwanted 
material  becomes  excessive. 

Recent  Trends.  Mod¬ 
ern  developments  in  the 
utilization  of  electrical  en¬ 
ergy  have  made  possible 
the  new  production  of 
phosphoric  acid  in  consid¬ 
erable  amounts.  If  the  rock  phosphate  is  treated  with  this  acid 
it  produces  a  soluble  superphosphate  with  the  absence  of  cal¬ 
cium  sulfate.  Some  of  the  material  so  produced  may  contain 
as  much  as  70  percent  P205  and  is  an  extremely  concentrated 
fertilizer.  The  production  of  cheap  electricity  by  the  T.V.A. 
has  given  new  life  to  this  industry  and  already  several  com¬ 
mercial  firms  are  making  such  products. 

The  chemical  changes  involved  in  the  production  of  phos- 
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Fig.  79.  Loading  Phosphate  Rock 
from  Open  Pit  Mines  in  Ten¬ 
nessee 

The  phosphate  is  transported  to  the 
sintering  plant  and  the  electric  fur¬ 
naces. 
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Courtesy  of  the  Monsanto  Chemical  Company 


Fig.  80.  Tapping  Electric  Elemental  Phos¬ 
phorus  Furnaces  for  Slag  and  Ferrophos- 
phorus 

Monsanto,  Tennessee  plant  of  Monsanto  Chemical 
Company. 

phoric  acid  are  fairly  simple.  The  phosphate  rock,  carbon  in 
the  form  of  coke,  and  sand  are  placed  in  an  electrically  heated 
furnace. 

Ca3(P04)2  +  3Si02  ->  3CaSi03  +  P205 
P205  +  5C  ->  2P  +  5CO 

The  phosphorus  vapors  are  burned  in  air  and  changed  back 
to  the  oxide. 

4P  +  502  2P205 

The  oxide  is  dissolved  in  water  to  produce  an  acid  of  any  con¬ 
centration  desired. 

P205  +  3H20  — >  2H3PO4  (phosphoric  acid) 

With  rock  phosphate  this  acid  produces  the  soluble  calcium 
acid  phosphate  (superphosphate). 

Ca3(P04)2  +  4H3P04  ->  3Ca(H2P04)2 

At  the  present  time  there  is  a  practice  of  condensing  the  vapors 
of  phosphorus  as  they  come  from  the  electric  furnace.  They 
then  ship  the  element  phosphorus  to  the  fertilizer  plant  where 


POTASSIUM  SOURCES 


273 


Photograph  by  M.  S.  Mac  Lean,  Jr. 

Fig.  81.  The  Sponge-like  Surface  of  the  Salt  Beds  in  Death  Valley 

it  may  be  burned  and  converted  to  the  acid.  A  considerable 
saving  of  freight  costs  is  thus  effected. 

Some  idea  of  the  size  of  the  phosphorus  and  phosphate  in¬ 
dustry  may  be  obtained  by  a  glance  at  figures.  In  1937  almost  a 
million  tons  of  phosphorus  as  phosphorus  pentoxide  was  uti¬ 
lized  in  the  United  States.  Of  this,  almost  84  percent  went  into 
fertilizers.  The  total  consumption  of  phosphate  rock  in  1937 
was  more  than  3.25  million  tons  in  this  country  alone. 

Potassium  Sources.  When  the  early  American  settlers 
saved  all  of  the  wood  ashes  and  treated  them  with  water  it  was 
for  the  purpose  of  obtaining  the  much  needed  potassium  salts 
which  they  contained.  Ordinarily  the  potassium  was  present 
as  the  carbonate  or  the  hydroxide,  and,  because  of  this,  the 
solution  was  quite  alkaline.  While  the  solution  was  their  chief 
source  of  alkali  for  soap,  its  principal  ingredient  was  also  es¬ 
sential  for  gunpowder.  As  a  result  of  this  primitive  method  for 
getting  potassium  compounds  the  name  “  Potash  ”  has  been 
generally  applied  to  potassium  salts  of  all  kinds. 
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As  the  agricultural  needs  for  potash  became  recognized 
other  sources  were  sought.  For  many  years  the  world  depended 
upon  a  natural  deposit  which  occurs  in  parts  of  Germany  and 
France.  The  particular  location  of  these  important  minerals 
was  quite  unfortunate  during  the  first  World  War,  since  this 
conflict  shut  off  the  available  supply.  Hence  it  became  neces¬ 
sary  for  the  rest  of  the 
world  either  to  find  other 
sources  or  do  without  pot¬ 
ash.  In  the  United  States 
some  potassium  salts  were 
obtained  from  wood  ashes, 
ashes  from  seaweed,  scour- 
ings  from  wool,  dust  from 
cement  kilns,  and  waste 
sugar  molasses.  However, 
all  of  these  together  did  not 
furnish  anywhere  near 
enough  potash  to  begin  to 
supply  the  demand. 

Within  fairly  recent 
years  a  considerable 
amount  of  prospecting  for 
potash  has  been  going  on, 
and  large  amounts  of  po¬ 
tassium  compounds  have 
been  discovered  in  such  widely  separated  areas  as  Russia, 
Poland,  Spain,  and  the  United  States.  The  discoveries  in  the 
United  States  have  come  largely  through  the  efforts  of  various 
governmental  agencies  and  after  many  years  of  seemingly  futile 
effort.  An  old  dried  lake  bed  in  California,  known  as  Searles 
Lake,  first  came  into  production.  This  was  followed  by  a  dis¬ 
covery  in  New  Mexico  which  began  production  in  1931.  The 
New  Mexico  deposits  occur  about  1000  feet  beneath  the  sur¬ 
face  and  were  discovered  while  drillings  were  being  made  for 
oil.  This  field  has  increased  its  output  to  about  500,000  tons 
of  potassium  chloride  per  year.  At  the  present  time  it  seems  as 


Courtesy  of  the  American  Potash  and  Chemical 
Corporation 

Fig.  82.  The  Surface  of  Searles 
Lake 
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if  there  are  enough  reserve  potassium  minerals  “  in  sight  ”  to 
furnish  all  the  potash  required  for  many  centuries. 

There  are  many  uses  for  potassium  compounds  other  than 
for  fertilizers  but  most  of  the  production  goes  to  the  soil.  In 
a  normal  year  the  United  States  consumes  the  equivalent  of 
more  than  350,000  tons  of  potassium  oxide  (K20)  which  con¬ 
tains  a  much  higher  percentage  of  the  element  than  do  the 
various  salts. 


SUMMARY 


Nitrogen  is  an  essential  element  for  explosives  and  fertilizer. 
It  is  characterized  by  its  unwillingness  to  take  part  in  chemical 
reactions  as  well  as  by  the 
instability  of  the  com¬ 
pounds  which  it  does  form. 

Living  cells  contain  nitro¬ 
gen  compounds  which  are 
essential  to  life.  Plants  uti¬ 
lize  nitrogen  in  the  form  of 
nitrates  from  the  soil.  Ani¬ 
mals  may  use  plant  or 
animal  proteins.  The  life 
process  tends  to  return  all 
nitrogen,  contained  in  its 
compounds,  to  the  air  as 
the  free  element. 

Nitrogen  from  the  air 
is  made  to  combine  with 
other  elements  by  means 
of  violent  electric  sparks 
through  air,  by  reaction 
with  calcium  carbide  at  a 
high  temperature,  and  by  the  union  with  hydrogen  under  pres¬ 
sure  in  the  presence  of  a  catalyst.  This  union  with  hydrogen  is 
the  most  successful  method.  Nature  tends  to  fix  some  nitrogen 
by  means  of  lightning  discharges  through  the  air  and  by  means 
of  bacteria  which  live  on  the  roots  of  legumes. 


Courtesy  of  the  American  Potash  and  Chemical 
Corporation 

Fig.  83.  Evaporator  for  Recov¬ 
ery  of  Salts  from  Searles  Lake 
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Courtesy  of  the  American  Potash  and  Chemical  Corporation 


Fig.  84.  Potash  Storage  Bin 

Ammonia  is  obtained  as  a  by-product  in  the  manufacture  of 
coke  from  coal.  Sodium  nitrate  is  found  in  Chile  and  from  it 
nitric  acid  may  be  made.  Ammonia  may  be  converted  to  nitric 
acid. 

Explosives  are  compounds  of  nitrogen  made  from  nitric 
acid.  The  rapid  decomposition  of  these  compounds  produces 
suddenly  large  volumes  of  gas  which  causes  the  explosion. 
The  common  explosives  are  nitroglycerin  and  dynamite,  ni¬ 
trocellulose  or  guncotton,  nitrotoluene  or  T.N.T.,  nitrophenol 
or  picric  acid,  and  gunpowder.  Various  explosives  are  modifi¬ 
cations  of  these. 

The  primary  fertilizer  elements  are  nitrogen,  phosphorus, 
and  potassium.  The  secondary  fertilizer  elements  are  calcium, 
sulfur,  magnesium,  iron,  copper,  manganese,  zinc,  and  boron. 
Some  of  these  take  part  in  plant  tissue  formation  while  others 
appear  to  act  as  catalysts. 

Our  sources  of  fertilizer  elements  are  ample  to  supply  all 
of  our  needs.  Plants  for  the  manufacture  of  synthetic  ammonia 
are  well  established.  Phosphorus  is  found  abundantly  as  cal- 
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cium  phosphate.  Potassium  is  found  as  potassium  chloride  in 
California  and  New  Mexico. 

For  fertilizer  use  we  may  employ  salts  of  ammonia  or  it  may 
be  changed  to  nitric  acid  and  then  to  nitrates.  Phosphorus  must 
be  in  a  soluble  form.  This  is  accomplished  by  treating  the  cal¬ 
cium  phosphate  with  sulfuric  acid.  New  methods  convert 
some  of  the  calcium  phosphate  to  phosphorus.  The  latter  is 
burned,  changed  to  phosphoric  acid,  and  this  acid  used  in  place 
of  sulfuric  acid  with  calcium  phosphate.  Potassium  may  be  ap¬ 
plied  as  the  chloride  or  sulfate. 

REVIEW  QUESTIONS 

1.  In  what  form  must  nitrogen  be  for  the  use  of  plants?  Of 
animals? 

2.  What  do  we  mean  by  the  cycle  of  nitrogen  in  nature? 

3.  List  the  chief  sources  of  the  compounds  of  nitrogen. 

4.  Why  is  the  electrical  discharge  method  of  nitrogen  fixation 
not  more  used? 

5.  Describe  the  Haber  process.  Why  is  the  reaction  favored 
by  an  increase  in  pressure?  Why  must  the  temperature  be  con¬ 
trolled? 

6.  Compare  the  chemical  changes  involved  in  the  production 
of  nitric  acid  by  the  electrical  discharge  method  with  those  in¬ 
volved  in  its  production  by  way  of  the  Haber  process. 

7.  Compare  the  synthetic  ammonia  process  with  the  calcium 
cyanamide  process  as  regards  the  product  and  energy  required. 

8.  List  the  more  important  explosives.  From  what  are  they 
made? 

9.  What  is  the  relation  of  dynamite  to  nitroglycerin?  Who 
discovered  it? 

10.  In  what  way  does  the  formation  of  guncotton  differ  from 
the  formation  of  T.N.T.? 

11.  What  are  the  requirements  for  a  high  explosive? 

12.  What  kind  of  explosives  are  best  for  coal  mining?  For  rock 
quarrying? 

13.  List  the  primary  and  secondary  plant  food  elements. 

14.  Give  the  sources  of  nitrogen,  potassium,  and  phosphorus 
compounds  for  agricultural  use. 
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15.  What  is  superphosphate?  What  are  its  advantages  over  ordi¬ 
nary  calcium  phosphate? 

16.  How  has  cheap  electricity  affected  phosphate  fertilizers? 

17.  Why  is  the  use  of  phosphoric  acid  better  for  the  production 
of  superphosphate  than  the  use  of  sulfuric  acid  for  the  same  pur¬ 
pose? 

18.  Why  should  potassium  ammonium  phosphate  (K(NH4)2 
P04)  be  an  ideal  fertilizer  to  ship  and  apply? 
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The  metallic  elements  make  up  a  most  important  group  of 
our  natural  resources.  The  uses  to  which  various  metals  are 
put  are  so  generally  well  known  to  us  that  it  will  not  be  neces¬ 
sary  to  dwell  at  length  upon  them.  No  one  knows  within 
thousands  of  years  when  iron,  copper,  gold,  silver,  lead,  mer¬ 
cury,  and  tin  were  first  used  because  it  all  happened  before 
men  made  written  records  of  their  activities.  But  down  through 
the  ages,  these  metals  have  been  vastly  important  to  men  for 
their  weapons  of  war,  their  tools  in  peace,  and  for  decoration 
and  adornment  of  themselves  for  pride  and  pomp  or  of  their 
places  of  worship  of  whatever  gods  they  held  in  reverence. 

In  the  modern  world  the  dependence  of  industry  in  general 
upon  iron  is  reflected  by  the  close  agreement  between  iron 
production  and  financial  prosperity  of  the  world.  Present-day 
use  of  electrical  energy  has  brought  about  the  production  of 
enormous  quantities  of  a  very  pure  copper  which  has  an  ex¬ 
ceptional  electrical  conductivity  and  carries  our  light,  power, 
voices,  photographs  in  seconds  of  time.  The  extreme  lightness 
of  aluminum,  together  with  its  great  strength,  has  made  us 
able  to  fly  in  swifter,  stronger  airplanes;  lighten  the  weight, 
step  up  the  speed  and  increase  the  economy  of  our  other 
machines  in  which  lightness  must  be  combined  with  strength. 
Because  it  forms  desirable  alloys  with  aluminum,  we  now 
find  large  amounts  of  magnesium  going  into  these  same  fields. 

There  are  many  other  metallic  elements  which  find  lesser 
gross  use  but  which  are  nevertheless  just  as  important  as  those 
mentioned.  Some  of  these  were  known  only  in  museum  col¬ 
lections  just  a  few  years  ago.  Now  we  have  steels  containing 
varying  amounts  of  such  metals  as  nickel,  chromium,  man- 
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ganese,  vanadium,  tungsten,  and  molybdenum  which  are  noted 
for  the  special  properties  imparted  to  the  steel  by  very  small 
amounts  of  the  added  elements.  These  steels  are  mostly  iron 
with  a  little  carbon,  and  contain  sometimes  as  little  as  one 
tenth  of  one  percent  of  the  added  metal.  Such  alloys  have  prop¬ 
erties  such  as  unusual  toughness,  hardness,  resistance  to  wear, 
resistance  to  stain,  resistance  to  rusting,  and  resistance  to 
fatigue.  There  is  also  the  great  and  growing  held  of  metallic 
coatings  where  we  find  iron  plated,  or  otherwise  covered,  with 
such  elements  as  zinc,  nickel,  tin,  and  chromium.  These  either 
tend  to  prevent  rusting  of  the  iron  or  present  a  permanently 
shiny  and  good-looking  surface. 

Ores.  There  are  certain  metals  that  tend  to  resist  chemical 
action,  and  such  metals  are  usually  found  free  in  nature.  It  has 
been  pointed  out  that  gold,  silver,  and  copper  were  used  even 
before  the  dawn  of  history.  This  was  probably  true  just  be¬ 
cause  they  were  attractive  bits  of  semiplastic  material  which 
satisfied  a  desire  for  ornamentation.  After  men  discovered  that 
objects  made  of  such  stuff  were  very  durable  it  was  natural 
that  they  used  these  metals  to  fashion  useful  things.  Such 
metals  which  occur  free  in  nature  are  said  to  be  native.  In  ad¬ 
dition  to  those  mentioned  there  are  several  others  which  occur 
native,  chief  of  which  are  platinum  and  mercury. 

Most  of  the  metals  are  found  in  the  earth  in  the  form  of 
various  compounds.  Of  these  there  are  a  few  which  have 
greater  industrial  importance  than  do  others.  Large  amounts 
of  iron,  aluminum,  zinc,  tin,  and  copper  are  dug  from  the 
earth  in  the  form  of  their  oxides.  Lead,  zinc,  antimony,  copper, 
and  bismuth  are  found  in  the  form  of  their  sulfides ,  while 
sodium  and  potassium  exist  chiefly  as  the  chlorides.  In  many 
cases  rather  large  amounts  of  certain  metals  are  found  in  the 
form  of  their  carbonates.  This  is  particularly  true  with  cal¬ 
cium  and  magnesium,  but  some  important  supplies  of  iron  are 
also  in  this  form. 

There  are  many  metallic  compounds  in  nature  which  do 
not  lend  themselves  to  the  production  of  the  free  metal  even 
though  they  are  abundant.  Thus  clay  contains  considerable 
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aluminum,  but  no  way  has  yet  been  devised  for  the  satisfactory 
production  of  aluminum  from  this  source.  The  sulfide  of  iron 
is  also  common,  but  this  fails  as  yet  to  serve  as  a  usable  source 
of  iron.  All  of  these  things  which  are  found  in  the  earth  are 
called  minerals  but  only  those  e which  serve  for  the  profitable 
production  of  the  metals  are  spoken  of  as  ores. 

Metallurgy.  The  extraction  of  the  metals  from  their  ores  is 
termed  metallurgy .  To  a  certain  extent  all  of  the  metals  are 
obtained  by  very  similar  processes.  These  general  methods 
are  usually  referred  to  as  the  principles  of  metallurgy ,  and  a 
fair  knowledge  of  the  entire  field  may  be  obtained  by  a  con¬ 
sideration  of  these.  Briefly,  they  are  as  follows: 

1.  Concentration  of  the  Ore.  As  a  general  rule,  the  ore  is 
not  at  all  pure  but  is  mixed  with  a  considerable  amount  of  rock 
and  dirt  which  must  be  removed  before  the  metal  can  be  ex¬ 
tracted  profitably.  Sometimes  such  concentration  may  be 
brought  about  by  picking  the  rocks  out  of  the  ore,  or  a  stream 
of  water  may  wash  away  the  lighter  dirt  and  stone.  In  many 
cases  the  rock  and  ore  are  crushed  together  and  treated  with 
water  mixed  with  a  certain  oil.  Violent  agitation  of  the  mix¬ 
ture  with  air  will  cause  the  ore  to  float  to  the  top,  and  thus  is 
brought  about  a  very  effective  concentration.  Such  a  method 
has  been  applied  to  a  number  of  ores  and  is  known  as  the 
flotation  process. 

2.  Roasting.  If  the  concentrated  ore  is  an  oxide  it  may  be 
heated  with  carbon  which  combines  with  the  oxygen  to  leave 
the  metal.  But  not  all  the  ores  are  oxides.  Many  of  the  ores  may 
be  converted  to  the  oxides,  however,  by  heating  in  a  furnace 
in  contact  with  large  amounts  of  fresh  air.  This  process  is 
called  roasting.  It  may  be  applied  to  most  of  the  metallic  sul¬ 
fides  which  burn  to  form  the  oxides  and  the  gas  sulfur  dioxide; 
and  to  the  carbonates  which  decompose  to  form  the  oxides  and 
the  gas  carbon  dioxide.  A  great  amount  of  zinc  ore  in  the 
form  of  the  sulfides  is  so  roasted  and  the  oxide  obtained.  The 
same  principle  is  applied  to  copper  sulfide  ores,  but  these  arc 
much  more  difficult  to  handle  and  the  change  is  never  com¬ 
plete. 
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3.  Reduction.  If  the  metallic  element  concerned  is  not  too 
active  chemically,  the  oxide  may  be  changed  to  the  metal  by 
heating  it  with  carbon.  But  with  very  active  metals  other 
methods  must  be  used.  Thus  the  oxides  of  iron,  copper,  zinc, 
and  tin  are  reduced  by  hot  carbon.  Aluminum,  magnesium, 

sodium,  and  potassium 
cannot  be  so  prepared. 
It  is  a  simple  case  of  the 
carbon  and  the  metal 
fighting  with  each 
other  for  the  oxygen, 
and,  if  the  metal  is  the 
more  active,  the  carbon 
cannot  take  the  oxygen 
away. 

Certain  elements 
which  cannot  be  re¬ 
leased  from  their  oxides 
by  means  of  carbon 

Fig.  85.  Thermite  Crucible  in  Place  to  nla7  obtained  by 
Weld  Rail  heating  the  oxide  with 

powdered  aluminum. 
The  aluminum  is  so  very  active  that  it  combines  with  the  oxy¬ 
gen  with  great  rapidity  and  evolves  large  amounts  of  heat. 
The  resulting  metal  is  naturally  expensive;  and  the  method  is 
employed  only  in  exceptional  cases.  The  best  example  of  this 
method  is  observed  in  the  welding  of  streetcar  rails.  A  crucible 
charged  with  iron  oxide  and  aluminum  powder  (the  mixture 
is  called  thermite)  is  placed  over  the  rail  and  ignited  by  means 
of  a  piece  of  burning  magnesium. 

Fe203  T  2A1  — >  AI2O3  H-  2Fe  -t-  heat 

The  heat  produced  keeps  the  iron  melted  and  this  is  allowed  to 
run  into  a  mold  placed  at  the  sides  of  the  rails  to  be  welded. 
The  ends  of  the  rails  melt  and  together  with  the  added  metal 
they  become  one  continuous  rail. 

4.  Electrical  Reduction.  One  of  the  more  important  meth- 
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From  An  Introduction  to  Chemistry,  by  J.  A.  Timm 

Fig.  86.  Loading  an  Ore  Boat 

By  permission  of  the  United  States  Steel  Corporation  and  McGraw-Hill  Book  Company,  Publishers 

ods  of  reduction  employs  an  electric  current.  Sometimes  a 
melted  compound  of  the  metal  will  conduct  electricity  and  in 
such  cases  the  metal  will  deposit  out  on  the  negatively  charged 
electrode.  It  is  in  this  manner  that  sodium  and  magnesium  are 
produced  from  their  melted  chlorides.  In  other  cases  it  is  neces¬ 
sary  to  dissolve  the  metallic  oxide  in  a  molten  mixture  which 
will  conduct  the  current.  Thus  it  is  that  aluminum  is  produced 
by  passing  electricity  through  a  mixture  of  purified  aluminum 
oxide  dissolved  in  molten  cryolite.  The  cryolite  is  a  compound 
of  aluminum  (Na3AlF6)  which  when  melted  conducts  the  elec¬ 
tric  current. 

5.  Vurification.  After  the  usual  process  of  reduction  the 
metal  so  obtained  is  never  pure  and  must  be  further  purified 
before  use.  Of  course,  aluminum  and  other  metals  produced 
by  electrical  means  are  usually  pure.  The  purification  process  is 
quite  varied.  The  impurities  to  be  removed  as  well  as  the 
metal  in  question  determine  the  procedure,  and  no  general 
method  can  be  employed  for  all.  With  iron  the  impurities  are 
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burned  out,  while  with  copper  the  metal  is  dissolved  in  acid 
and  then  plated  out  by  means  of  electricity. 

Metallurgy  of  Iron.  The  production  of  iron  from  its  ore 
is  probably  more  interesting  than  that  of  any  other  metal.  It 
is  by  far  the  most  widely  used  metal  and  in  its  metallurgy  we 
find  examples  of  each  of  the  steps  which  have  been  outlined. 

The  largest  deposits  of  iron  ore  in  the  world  are  found  in  the 
Lake  Superior  region  in  the  United  States  near  Marquette, 
Michigan,  and  Duluth,  Minnesota.  These  beds  of  hematite 
(Fe2Os)  have  already  supplied  more  than  1,500,000,000  tons 
of  ore  and  they  still  contain  far  more  than  this  amount.  Some 
of  the  ore  is  found  very  near  the  surface  where  it  is  mined  in 
open  pits,  but  much  of  it  occurs  deep  in  the  ground  where  it 
is  reached  from  shafts.  During  the  mining  of  the  ore,  a  rea¬ 
sonable  amount  of  care  is  exercised  in  order  that  nothing  but 
ore  will  be  taken  from  the  mine.  Since  the  ore  bed  is  quite  con¬ 
sistently  uniform  in  composition,  this  results  in  the  handling 
of  ore  which  is  relatively  high-grade.  The  chief  impurities 
consist  of  silicates  and  other  substances  which  are  difficult  to 
remove  by  mechanical  means. 

Reduction  of  the  Ore.  In  order  to  convert  iron  oxide  to  iron 
it  is  only  necessary  to  heat  the  oxide  with  carbon.  However, 
for  every  two  tons  of  ore  used  it  is  necessary  to  use  one  ton 
of  carbon  in  the  form  of  coke.  Most  of  the  ores  contain  acidic 
impurities  such  as  silicates  and  phosphates,  and  it  is  possible  to 
remove  much  of  these  very  simply  during  the  reduction.  It 
may  be  recalled  that,  during  the  manufacture  of  glass,  the 
furnace  charge  contains  limestone  and  sand  which  react  to 
form  the  easily  melted  calcium  silicate. 

CaC03  +  Si02  ->  CaSi03  +  C02 

By  the  use  of  limestone  during  the  reduction  of  iron  ore,  it  is 
possible  to  convert  the  impurities  into  just  such  a  glasslike  sub¬ 
stance  as  is  made  in  the  glass  furnace.  It  is  true  that  other  im¬ 
purities  present  in  the  ore  will  also  appear  in  this  glass  and  as 
such  it  has  no  value.  This  resulting  material  is  called  slag  which 
finds  some  use  in  the  manufacture  of  cement. 
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Location  of  Cities.  It  may  be  seen  that  the  production  of 
iron  requires  ore,  coke,  limestone,  and  air.  Naturally  there  is  a 
transportation  problem  involved  with  three  of  these  substances 
and  we  find  them  meeting  near  the  coal  supplies.  It  is  much 
easier  to  transport  the  ore,  heavy  as  it  is,  without  damaging  it, 
than  the  bulky  coke  which  crumbles  on  handling.  The  ore  may 
be  shipped  by  water  at  little  expense.  In  former  years  the  ore 
was  shipped  by  rail  from  the  lake  ports  to  the  coke  plants,  but 
manufacturers  have  increasingly  been  shipping  coal  to  the  port 
where  the  ore  is  landed  and  there  produce  the  coke.  In  many 
instances  the  ore  boats  are  now  able  to  unload  their  cargo 
directly  in  the  yard  of  the  reduction  plant  (Buffalo,  Cleveland, 
Detroit,  Gary,  Chicago).  The  limestone  needed  may  usually 
be  found  somewhat  nearer  than  the  other  materials.  In  Ala¬ 
bama,  particularly  at  Birmingham,  the  ore  and  the  coal  occur 
very  near  each  other  and  not  far  away  is  an  ample  supply 
of  limestone.  It  is  not  difficult  to  understand,  in  the  light  of  such 
economic  factors,  why  certain  industrial  centers  have  come  to 
be  great  iron  and  steel  producers.  Around  such  centers  cities 
develop. 

The  Blast  Furnace.  Iron  ore  is  reduced  in  a  special  furnace 
known  as  the  blast  furnace.  This  is  a  huge  chimneylike  affair 
which  may  be  nearly  100  feet  high  and  as  much  as  25  feet  in  di¬ 
ameter.  The  ore,  coke,  and  limestone  are  fed  into  the  top  of  the 
furnace  through  a  double  trap  door  which  keeps  the  opening 
closed  during  the  entrance  of  the  charge.  Near  the  bottom  of 
the  furnace  there  is  a  series  of  pipes  through  which  hot  air  is 
blown  into  the  furnace.  At  this  point  the  coke  burns  with  the 
evolution  of  a  great  amount  of  heat,  and  the  hot  gases  proceed 
upward  through  the  ore  and  coke.  The  molten  iron,  together 
with  molten  slag,  drip  down  to  the  bottom  of  the  furnace 
where  a  special  crucible  serves  for  their  collection.  The  slag 
floats  on  top  of  the  iron,  and  each  may  be  drawn  off  sepa¬ 
rately  as  often  as  necessary.  The  exhaust  gas  from  the  furnace 
is  not  only  hot,  but  there  is  a  considerable  amount  of  carbon 
monoxide  present  in  it.  This  gas  mixture  is  burned  in  stoves  and 
serves  to  heat  up  the  air  which  is  to  be  used  for  the  blast.  The 
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Fig.  87.  Section  of  a  Blast  Furnace 
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Fig.  88.  Blast  Furnaces  and  Stoves 

By  permission  of  the  United  States  Steel  Corporation  and  McGraw-Hill  Book  Company,  Publishers 

excess  furnace  gas  is  used  as  a  source  of  power  to  run  the 
machinery  of  the  plant. 

Interesting  chemical  changes  occur  in  the  blast  furnace.  At 
the  point  where  the  hot  air  enters,  the  coke  burns  rapidly  to 
produce  carbon  dioxide,  and  the  temperature  reaches  2000°  C. 

C  +  O2  — *  CO2  T  heat 

All  of  the  oxygen  is  soon  used  as  the  air  travels  upward,  and 
the  hot  coke  is  completely  surrounded  with  carbon  dioxide.  At 
the  temperature  attained,  the  hot  coke  reduces  the  carbon 
dioxide  to  carbon  monoxide. 

C  +  C02  ->  2CO 

As  the  hot  carbon  monoxide  travels  upward  it  strikes  the  hot 
ore  which  it  reduces  to  iron. 

Fe203  T  3CO  — >  2Fe  -1-  3C02 

The  molten  iron  drips  steadily  toward  the  bottom.  The  molten 
slag  dripping  with  the  iron  serves  as  a  liquid  in  which  the  small 
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Fig.  89.  How  the  Blast  is  Heated 
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drops  of  iron  may  collect  easily  and  form  streams  which  then 
flow  downward  rapidly. 

The  iron  produced  by  the  blast  furnace  is  not  pure.  It  con¬ 
tains  between  2  and  4.5  percent  carbon,  up  to  0.1  percent 
phosphorus,  from  0.5  to  1  percent  manganese,  between  0.7 
and  3  percent  silicon,  and  between  0.1  and  0.3  percent  sulfur. 
This  impure  mixture  is  called  cast  iron  or  pig  iron  and  is  very 
hard  and  brittle.  It  can  neither  be  drawn  out  into  a  wire  nor 
pounded  into  shape.  However,  its  compressive  strength  is 
high.  Since  it  is  impure,  its  melting  point  is  lower  than  that 
of  pure  iron,  and  it  can  easily  be  cast  into  molds.  Approxi¬ 
mately  three-fourths  of  the  pig  iron  produced  is  converted 
to  steel.  The  remainder  is  poured  into  molds  to  give  bars  of  the 
metal,  called  pigs,  weighing  about  150  pounds  each. 

The  blast  furnace  is  built  of  steel  and  is  lined  with  fire  brick. 
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When  once  started,  a  furnace  may  be  kept  in  operation  until 
repairs  to  the  lining  become  necessary  which,  in  some  cases, 
may  be  after  several  years.  An  average  furnace  may  produce 
1000  tons  of  pig  iron  each  day.  The  annual  production  of  pig 
iron  in  the  United  States  varies  from  30,000,000  to  45,000,000 
tons. 

Wrought  Iron.  One  of  the  earliest  forms  of  iron,  used  for 
the  shaping  of  horseshoes,  nails,  plows,  and  a  hundred  other 
articles  useful  to  our  immediate  ancestors,  was  known  as  forge 
iron.  This  was  made  by  heating  iron  ore  and  carbon  together 
in  small  quantities.  As  the  ore  was  reduced  to  the  metal,  a  soft 
mass  of  iron  and  slag  resulted  and  by  controlling  its  tempera¬ 
ture  it  could  be  worked  (“puddled”).  The  product  from 
this  process  was  hammered  to  remove  most  of  the  slag  and 
was  heated  from  time  to  time  in  a  forge  in  the  smithy  which 
was  vital  to  every  town.  This  produced  an  iron  much  purer 
than  pig  iron.  Consequently  it  was  much  softer  and  could 
be  pounded  into  shape  while  hot.  The  product  became  known 
as  “  wrought  ”  iron.  After  the  blast  furnace  came  into  use  this 
older  method  of  making  wrought  iron  could  not  be  applied  to 
pig  iron  until  the  carbon  was  partly  removed  by  heating  in  the 
air. 

The  present  day  wrought  iron  is  produced  in  a  puddling 
furnace.  In  this  production  the  heat  of  a  gas  fire  is  reflected 
downward  from  the  roof  of  the  furnace  upon  the  charge.  This 
load  of  material  consists  of  pig  iron  on  top  and  a  layer  of  iron 
oxide  on  the  bottom.  The  iron  melts.  The  oxide  oxidizes  the 
impurities  which  are  present.  The  carbon  and  sulfur  are  con¬ 
verted  to  carbon  dioxide  and  sulfur  dioxide  and  these  pass  off 
as  gases.  Phosphorus  and  silicon  are  converted  to  their  oxides, 
and  these  are  converted  again  into  slag  by  the  addition  of  lime¬ 
stone.  As  the  impurities  in  the  iron  are  removed,  the  melting 
point  of  the  mass  rises.  Finally  the  iron  becomes  pasty  and  al¬ 
most  solid.  At  this  point  it  is  raked  together  and  removed  from 
the  furnace  in  large  balls.  These  are  rolled  to  squeeze  out  the 
slag.  The  finished  product  usually  retains  about  1  percent  of 
slag  which  fails  to  come  out.  This  type  of  iron  is  unusually 
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tough  and  may  be  shaped.  But  it  does  not  have  the  strength  of 
steel.  It  does  not  rust  as  badly  as  do  other  forms  of  iron.  The 
carbon  content  is  usually  below  0.1  percent  and  this  accounts 
for  the  softness.  The  presence  of  the  slag  gives  the  product  a 
fibrous  structure. 

Most  of  the  wrought  iron  is  used  to  make  pipes,  tubing, 
chains,  bolts,  anchors,  plowshares,  and  horseshoes.  Some  of 
this  is  now  being  replaced  by  steels  containing  very  small 
amounts  of  carbon.  The  total  quantity  of  wrought  iron  pro¬ 
duced  is  about  40,000  tons  per  year. 

Steel.  Common  usage  applies  the  term  steel  to  a  variety  of 
the  alloys  of  iron.  As  a  rule,  steel  contains  between  0.2  and  1 
percent  carbon  in  order  that  it  may  be  sufficiently  hard,  also 
it  may  contain  very  small  amounts  of  other  metals  such  as 
manganese,  nickel,  vanadium,  tungsten,  chromium,  and  mo¬ 
lybdenum.  In  general,  the  methods  for  the  manufacture  of 
steel  call  for  the  removal  of  all  impurities  by  burning  and  slag¬ 
ging,  followed  by  the  addition  of  the  correct  amounts  of  the 
required  constituents.  Phosphorus,  sulfur,  and  silicon  are  es¬ 
pecially  objectionable  in  steel  because  they  make  it  brittle  and 
subject  to  failure  under  a  load.  These,  then,  must  be  carefully 
removed.  There  are  two  general  methods  for  the  removal  of 
these  and  other  impurities  in  the  manufacture  of  steel,  the 
Bessemer  and  the  open-hearth  processes. 

The  Bessemer  Process.  The  oldest  process  for  the  manu¬ 
facture  of  steel  is  called  the  Bessemer  process  after  its  inventor. 
This  depends  upon  the  fact  that  the  carbon,  sulfur,  silicon, 
manganese,  and  phosphorus  which  are  present  in  the  molten 
iron  will  react  with  oxygen  of  the  air  if  this  is  blown  through 
the  hot  liquid.  The  Bessemer  furnace  is  called  a  converter.  It 
is  large  enough  to  hold  25  tons  of  steel  and  still  leave  consider¬ 
able  extra  room.  In  the  bottom  there  are  more  than  a  hundred 
holes  through  which  compressed  air  may  be  blown.  The  lin¬ 
ing  of  the  converter  consists  of  silica  brick  held  in  place  with 
fire  clay.  It  is  possible  to  tilt  the  converter  in  order  to  charge 
it  and  to  pour  out  its  contents. 

Molten  pig  iron  is  charged  into  the  converter  when  it  rests 
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Fig.  90.  The  Bessemer  Converter 
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in  a  horizontal  position.  The  air  is  turned  on  and  the  converter 
tipped  back  to  the  vertical.  The  streams  of  air  bring  about  the 
violent  combustion  of  the  impurities  accompanied  by  colored 
flames  and  then  a  shower  of  sparks.  If  you  ever  fly  in  a  trans¬ 
port  plane  above  Pittsburgh  or  Gary  you  will  see  these  flames 
which  are  extraordinarily  beautiful  at  night.  From  the  appear¬ 
ance  of  the  flame  the  operator  knows  when  the  impurities  have 
been  burned  out  and  the  air  is  then  shut  off.  The  time  required 
for  this  is  from  10  to  20  minutes.  By  the  addition  of  iron  alloys 
to  the  molten  iron,  it  is  possible  to  form  steel  having  the  proper 
composition.  The  alloys  that  are  added  usually  contain  man¬ 
ganese  and  aluminum,  or  silicon.  These  elements  serve  to  com¬ 
bine  with  any  oxygen  that  may  be  trapped  in  the  molten  mass 
and  that  would  tend  to  weaken  the  steel.  The  converter  is 
again  tilted,  and  the  steel  is  allowed  to  pour  out  into  large  molds 
where  it  solidifies  in  the  form  of  ingots.  These  ingots  which 
weigh  about  2\  tons  are  placed  in  hot  ovens,  called  soaking 
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pits,  where  the  strains  produced  during  the  cooling  gradually 
disappear.  Steel  rails,  girders,  and  sheets  are  produced  from 
these  hot  ingots  by  a  process  of  rolling. 

The  Bessemer  converter  produces  steel  rapidly,  but  this 
speed  makes  a  lower  grade  of  product.  In  the  short  time  of 
twenty  minutes,  the  steel  must  be  made  and  removed  from 
the  converter  in  order  to  prevent  its  “  freezing  ”  to  the  con¬ 
tainer.  There  is  no  time  for  an  analysis  of  the  steel,  and,  good 
or  bad,  it  must  pass  on  into  the  finished  product.  Another  fac¬ 
tor  against  the  Bessemer  process  is  the  fact  that  the  converter 
is  lined  with  an  acidic  material,  though  a  basic  lining  is  used  in 
England.  In  order  to  remove  phosphorus  from  the  iron  it  is 
necessary  to  add  a  basic  material  such  as  limestone.  The  Besse¬ 
mer  process  does  convert  the  phosphorus  to  its  oxide  but  the 
addition  of  carbon  reduces  it  back  to  the  free  element  again. 
The  whole  answer  to  this  problem  is  found  by  using  pig  iron 
which  contains  very  little  phosphorus,  but  this  means  that  the 
iron  ore  must  also  contain  little  of  this  element.  Such  ores  are 
obtainable  only  at  higher  prices.  Another  disadvantage  is  the 
fact  that  this  process  does  not  permit  the  use  of  scrap  iron  in 
the  manufacture  of  steel. 

Since  the  Bessemer  process  came  at  a  time  when  the  railroads 
were  expanding  and  begging  for  cheap  steel,  it  is  no  wonder 
that  it  was  eagerly  welcomed.  Such  steel  as  this  process  pro¬ 
duces  is  satisfactory  for  rails  if  all  necessary  precautions  are 
observed  during  the  manufacture. 

The  Open-Hearth  Process.  A  few  years  after  the  inven¬ 
tion  of  the  Bessemer  converter,  the  open-hearth  process  was 
invented.  This  has  undergone  a  number  of  improvements  un¬ 
til  now  it  produces  a  good  grade  of  steel  and  is  used  to  pro¬ 
duce  most  of  the  steel  made.  This  process  depends  upon  the- 
fact  that  the  impurities  in  the  pig  iron  may  be  converted  to 
their  oxides  upon  heating  in  shallow  pans  in  the  presence  of  an' 
excess  of  air  and  iron  oxide.  The  furnace  contains  a  shallow, 
oval-shaped  basin,  or  open  hearth,  about  35  to  50  feet  long, 
about  1 5  feet  wide,  and  about  2  feet  deep  capable  of  holding 
75  to  100  tons  of  steel.  The  lining  of  this  basin  is  composed  of 
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Fig.  91.  Diagram  of  an  Open-Hearth  Furnace 
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basic  material  such  as  calcium  and  magnesium  carbonates. 
Streams  of  hot  fuel  gas  and  hot  air  come  in  at  one  side  and  the 
heat  from  the  combustion  is  reflected  downward  by  the  roof  of 
the  furnace.  The  hot  gases  from  the  furnace  pass  out  through 
a  checker-work  of  brick  which  becomes  quite  hot.  After  a 
time  the  air  and  fuel  are  permitted  to  go  in  over  these  hot 
bricks  and  the  combustion  products  serve  to  heat  up  a  similar 
set  of  bricks  on  the  other  side.  By  shifting  the  fuel  back  and 
forth  between  these  heaters  it  is  possible  to  save  much  of  the 
heat  which  would  otherwise  be  lost  and  at  the  same  time  to 
elevate  the  temperature  within  the  furnace. 

Chemical  Changes  Involved.  The  chemical  reactions 
which  occur  in  the  furnace  are  simple.  The  first  charge  con¬ 
sists  of  limestone  which  protects  the  lining  of  the  furnace. 
This  is  followed  by  scrap  iron,  and  then  solid,  and  then  molten 
pig  iron.  The  heat  of  the  furnace  melts  the  scrap  iron  and  de¬ 
composes  the  limestone. 

CaC03  ->  CaO  +  C02 
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Fig.  92.  Tapping  an  Open-Hearth  Furnace 
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At  this  point  a  certain  amount  of  iron  oxide,  in  the  form  of  ore, 
is  added,  and  the  quantity  of  air  is  increased.  The  extra  oxygen 
together  with  the  oxide  of  iron  serve  as  oxidizing  agents  and 
convert  the  impurities  to  oxides. 

3S  +  2Fe203  -4  3S02  +  4Fe 
6P  +  5Fe203  ->  3P205  +  10Fe 
3Si  -f-  2Fe203  — >  3Si02  T  4Fe 
3C  +  Fe203  ->  3CO  +  2Fe 
3Mn  -f-  Fe203  — >  3MnO  T  2Fe 


While  the  oxides  of  carbon  and  sulfur  pass  off  as  gases  the 
other  oxides  either  react  with  each  other  or  with  the  calcium 
oxide  (called  the  flux)  to  form  slag. 

P2O5  T  3CaO  — >  Ca3(P04)2 
Si02  +  CaO  — »  CaSi03 
MnO  +  Si02  MnSiOs 
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By  this  process  all  of  the  phosphorus  is  removed  from  the  iron 
and  because  of  this  it  is  possible  to  make  steel  from  low-grade 
ore  which  is  not  true  of  the  Bessemer  process. 

Since  the  open-hearth  process  takes  place  rather  slowly  it 
is  possible  to  follow  its  progress  and  keep  it  under  accurate 
control.  When  a  chemical  analysis  shows  that  the  carbon  and 
impurities  are  sufficiently  removed,  the  proper  amounts  of 
carbon  and  other  elements  are  added  as  in  the  Bessemer  proc¬ 
ess.  The  furnace  is  then  tapped  and  the  steel  poured  into  ingot 
molds.  The  total  time  for  each  batch  is  from  8  to  1 2  hours. 

One  great  .advantage  of  the  open-hearth  method  is  the  fact 
that  it  permits  the  use  of  large  amounts  of  scrap  iron  and  steel 
and  thus  empties  the  huge  American  junk  piles  and  car  lots 
filled  with  jollopies  that  have  not  another  mile  in  them.  Such 
a  use  conserves  ore,  and  for  many  purposes  produces  a  better 
grade  of  steel.  The  charge  placed  in  the  open-hearth  furnace 
may  contain  such  scrap  material  to  the  extent  of  more  than 
half  of  its  total  weight. 

Electric  Furnace.  Electric  furnaces  are  now  being  used  to 
produce  high-grade  steel  by  further  refining  the  product  from 
the  open-hearth  or  Bessemer  furnaces.  The  steel  from  such 
furnaces  is  of  superior  quality  because  of  the  exact  control 
which  the  use  of  electricity  permits.  The  molten  metal  may 
be  kept  for  any  length  of  time  out  of  contact  with  the  air  and 
the  added  metals  are  given  ample  opportunity  to  distribute 
themselves  evenly.  Such  steel  is  more  dense  and  finds  consid¬ 
erable  use  in  the  manufacture  of  automobile  parts  and  machine 
tools,  the  performance  of  which  must  be  depended  upon. 

Alloy  Steel.  Where  two  or  more  metals  are  melted  together 
they  tend  to  dissolve  each  other  and  the  resulting  solutions  are 
called  alloys.  Because  of  the  automobile,  alloy  steels  have  come 
into  very  wide  use.  But  now  that  we  have  them  they  are  enter¬ 
ing  many  other  fields.  The  constant  demand  for  greater  horse¬ 
power  per  pound  of  engine  weight  has  resulted  in  the  pro¬ 
duction  of  high-strength  and  low-weight  alloys  for  both 
automobiles  and  airplanes.  Alloy  steel  which  can  stand  the  high 
temperature  and  abuse  which  engine  valves  must  undergo  is  a 
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Courtesy  Air  Reduction  Sales  Company 


Fig.  93.  Hard-facing  a  Plow  Share 

The  alloy  steel  welded  onto  this  and  other  equipment  increases  its  life 

many  times  over. 

wonderful  thing.  One  can  easily  understand  why  it  has  been 
brought  to  its  present  development  only  after  many  years  of 
research.  The  development  cannot  stop,  however,  since  an¬ 
other  alloy  is  required  for  the  cylinder  head,  another  for  the 
piston,  another  for  the  crank  shaft,  and  still  others  for  the 
frame,  springs,  wheels,  axles,  and  gears. 

The  construction  of  buildings  has  also  drawn  upon  these 
alloys.  Large  amounts  of  stainless  steel  are  being  used  to  impart 
both  strength  and  beauty  to  the  exterior  of  buildings.  These 
contain  chromium  and  nickel.  The  big  field  and  coast  battery 
guns  for  national  defense  must  be  made  from  alloys,  as  must 
also  the  foot-thick  armor  plate  which  covers  fighting  ships. 
Ordinary  steel,  even  though  good,  cannot  withstand  the  shock 
of  gunfire. 

Modern  high-speed  production  calls  for  machines  capable  of 
meeting  the  demands  made  by  industry.  Here  the  use  of  alloy 
steel  has  increased  also.  In  order  to  cut  steel  to  shape  quickly, 
it  is  necessary  to  have  cutting  tools  that  are  very  hard  and  that 
do  not  lose  their  hardness  even  at  red  heat.  The  friction  of  the 
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Photograph  by  M.  S.  MacLean,  Jr. 


Fig.  94.  Arc  Welder  Joining  Steel  Pipe 


cutting  produces  so  much  heat  that  ordinary  tools  grow  soft 
and  lose  their  cutting  edge  very  quickly.  Alloys  containing 
tungsten  make  such  high-speed  cutting  possible. 

And  so  the  story  of  alloys  may  go  on  and  on,  the  metal 
worker  joining  his  studies  with  those  of  the  chemist.  The  pro¬ 
duction  of  the  various  metals  used  in  the  alloys  is  of  major 
importance  to  us,  and,  in  general,  they  are  prepared  by  the 
processes  already  mentioned.  The  actual  manipulation  will,  of 
course,  depend  upon  the  ore  available  and  the  method  which 
is  most  profitable  and  convenient. 


SUMMARY 

Metals  occur  in  nature  in  the  form  of  their  oxides,  sulfides, 
chlorides,  and  carbonates.  The  less  active  metals  are  sometimes 
found  free  or  native.  Those  minerals  from  which  a  metal  may 
be  extracted  with  profit  are  called  ores. 

The  process  of  winning  metals  from  their  ores  is  called 
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metallurgy.  This  is  done  through  the  steps  of  concentration, 
roasting,  reduction,  and  purification.  Roasting  is  for  the  pur¬ 
pose  of  converting  the  ore  to  an  oxide.  Reduction  is  brought 
about  usually  by  carbon.  The  active  metals  are  reduced  by 
aluminum  or  by  electricity. 

Iron  ore  is  reduced  by  carbon  in  the  blast  furnace.  Impuri¬ 
ties  are  converted  to  slag  by  the  addition  of  limestone.  The 
product  of  the  blast  furnace  is  known  as  pig  iron  or  cast  iron. 
It  contains  considerable  carbon  and  is  quite  brittle. 

Steel  contains  known  and  controlled  amounts  of  impurities. 
Pig  iron  is  changed  to  steel  in  Bessemer  converters  or  in  open- 
hearth  furnaces.  The  Bessemer  converter  burns  out  most  of 
the  impurities  within  twenty  minutes  using  a  blast  of  air.  The 
open-hearth  furnace  burns  out  these  and  other  impurities  and 
converts  them  to  slag.  It  requires  a  much  longer  time  and  uses 
iron  oxide  to  supply  the  oxygen.  After  the  impurities  are  re¬ 
moved  by  either  method  a  known  amount  of  carbon  together 
with  other  metals  are  added.  The  Bessemer  method  is  the 
cheaper  but  produces  a  lower  grade  of  steel. 

The  product  from  the  steel  furnace  may  be  further  refined 
in  an  electric  furnace  for  the  production  of  special  alloys  and 
high-grade  tool  steel. 

REVIEW  QUESTIONS 

1.  Name  some  metals  which  occur  as  native  ore.  What  chemi¬ 
cal  property  determines  whether  a  metal  may  be  found  as  the 
free  element? 

2.  List  the  usual  forms  in  which  metals  occur  as  ores.  Give 
examples  of  each. 

3.  Outline  the  principal  steps  generally  required  in  getting  a 
metal  from  its  ore. 

4.  What  regions  supply  most  of  the  iron  ore  in  this  country? 
Where  is  it  converted  to  the  metal?  Why  there? 

5.  What  are  the  important  chemical  changes  which  occur  in 
the  blast  furnace? 

6.  Account  for  the  removal  of  silicates  by  the  blast  furnace 
process. 
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7.  Compare  the  composition  of  pig  iron  with  that  of  steel. 

8.  Describe  the  chemical  changes  which  occur  in  the  open- 
hearth  furnace. 

9.  Of  what  importance  is  the  lining  of  a  furnace? 

10.  What  are  the  advantages  of  an  open-hearth  furnace  over  a 
Bessemer  furnace? 

11.  What  are  alloys?  Why  are  they  of  importance? 
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One  of  the  most  vital  needs  for  modern  living  is  heat.  Every¬ 
where  one  turns  may  be  seen  the  smokestacks  of  industry  as 
well  as  the  chimneys  of  millions  of  homes.  Enormous  wires 
conduct  miraculous  electricity  from  power  plants  to  steel 
furnaces  and  electric  toasters;  thousands  upon  thousands  of 
railway  cars  are  required  to  move  coal  and  oil;  miles  and  miles 
of  pipe  lines  carry  natural  gas  and  oil  from  the  production 
fields  to  the  centers  of  distribution.  The  capital  involved  in 
the  business  of  supplying  fuel  has  reached  such  figures  that 
one  may  compare  them  with  those  used  in  the  discussion  of 
astronomy.  All  of  this  is  true  because  man  needs  heat  to  do 
things  for  him.  He  wants  to  keep  warm,  he  wants  to  have 
light,  he  wants  to  make  things  which  require  heat,  he  wants 
his  food  cooked,  he  wants  his  surgical  instruments  sterilized, 
and  he  wants  a  machine  to  do  work  for  him.  At  the  same  time 
we  must  remember  that  man  must  have  his  own  body  fuel  if  he 
is  to  do  things  himself.  It  is  by  a  process  of  burning  food  fuel 
that  man  keeps  himself  warm  and  gets  the  energy  with  which 
to  work. 

Let  us  examine  a  few  common  sources  of  heat.  Unless  we 
have  a  mistaken  idea  as  to  their  origin  we  may  say  that  they  all 
derive  their  fuel  value  from  the  sun.  Plants  which  grow  utilize 
an  extremely  small  amount  of  the  sun’s  energy  which  falls 
upon  them.  Present  knowledge  indicates  that  not  more  than 
one  percent  of  the  energy  which  comes  to  the  plant  is  stored 
there. 

Photosynthesis.  It  was  in  1779  that  a  Dutch  physician, 
Ingen-Housz,  discovered  the  absorption  of  carbon  dioxide  by 
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green  leaves  placed  in  sunlight.  These  green  leaves,  at  the  same 
time,  gave  off  oxygen.  Since  that  time  this  interesting  change, 
by  which  man  gets  his  food,  his  clothing,  and  most  of  his  shel¬ 
ter,  has  been  the  center  of  intensive  research.  Within  the  leaf 
cells  there  are  small  egg-shaped  granules  called  chloroplasts 
within  which  the  absorption  of  carbon  dioxide  takes  place. 
These  chloroplasts  contain  a  mixture  of  a  green  material 
chlorophyll,  certain  pigments,  starch,  oil,  and  gelatinous  sub¬ 
stances.  When  the  light  falls  on  these  they  absorb  carbon  di¬ 
oxide  and  give  off  oxygen.  We  commonly  refer  to  chlorophyll 
as  the  necessary  catalyst  for  photosynthesis,  but  the  pigments 
present  in  the  chloroplasts  are  also  important.  These  are  called 
xanthophyll  (a  yellow  pigment)  and  carotene  (an  orange-red 
pigment).  They  always  occur  with  chlorophyll  and  present 
information  indicates  that  they  perform  important  functions 
in  the  photosynthetic  process. 

Our  knowledge  of  photosynthesis  permits  us  to  write  a 
chemical  equation  of  a  sort. 

CO2  +  H20  +  solar  energy  — » sugars  +  starch  +  02 

One  worker,  by  the  name  of  Baly,  was  able  to  cause  carbon 
dioxide  to  react  with  water  when  illuminated  with  ultraviolet 
light. 

C02  +  H20  — >  02  +  CH20  (formaldehyde) 

When  the  solution  was  made  alkaline  the  final  product  was  a 
syrup  containing  plant  sugar.  We  may  write  this  in  the  form 
of  an  equation. 

6CH20  ->  C6H1206  (glucose) 

The  trouble  with  this  evidence  is  that  plants  do  not  have  to 
get  ultraviolet  light  in  order  to  grow  and  produce  sugars.  The 
reaction  which  takes  place  in  a  test  tube  may  or  may  not  be 
the  one  which  takes  place  in  a  plant  leaf. 

If  glucose  is  formed  within  the  leaf  it  is  possible  for  it  to  be 
converted  to  starch  and  cellulose  (C(!H10O5)x. 

XC6H1206  ->  (C6H10O5)x  +  XH20 
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The  chloroplasts  do  contain  grains  of  starch.  A  large  number 
of  glucose  molecules  take  part  in  the  formation  of  each  starch 
or  cellulose  molecule.  For  each  glucose  molecule  which  joins 
in  this  reaction  there  is  one  molecule  of  water  lost.  The  sub¬ 
stance  formed  is  sometimes  starch,  which  the  plant  stores  as 
reserve  plant  food,  and  is  sometimes  cellulose,  which  gives  the 
body  and  rigidity  to  the  plant. 

All  plants  produce  more  or  less  oil  and  proteins.  Many  times 
the  immature  seeds  contain  large  amounts  of  starch-like  ma¬ 
terial  and  as  the  ripening  process  proceeds  the  starch  content 
diminishes  while  the  oil  content  increases.  Because  of  this  we 
are  inclined  to  say  that  the  starch  material  is  converted  to  oil. 
How  this  is  brought  about  we  do  not  know.  Similarly  we  can¬ 
not  account  for  the  formation  of  plant  proteins.  We  can,  how¬ 
ever,  take  the  easy  way  out  and  say  that  they  are  the  products 
of  photosynthetic  processes.  Such  a  statement  may  cover  up 
our  extreme  ignorance.  But  we  must  not  be  too  severe  in  our 
criticism.  There  is  much  information  at  hand  and  many  able 
men  and  women  are  adding  still  more.  Possibly  we  may  some¬ 
day  learn  the  secret;  it  is  not  too  much  to  expect. 

We  can  begin  to  see  that  our  fuels  are  produced  by  rela¬ 
tively  obscure  processes  which  depend  upon  light,  heat,  carbon 
dioxide,  water,  and  soil  fertility.  The  process  of  photosynthe¬ 
sis  can  proceed  smoothly  only  if  certain  elements  are  present 
in  the  soil.  The  chlorophyll  molecule  requires  iron  for  its  for¬ 
mation  yet  iron  does  not  appear  in  the  finished  substance.  It 
does,  however,  contain  magnesium.  It  is  extremely  interesting 
to  note  that  the  molecule  of  chlorophyll  (CssHTsCT^Mg), 
which  is  extremely  complex,  is  chemically  much  like  the  mole¬ 
cule  of  haematin  which  helps  to  make  up  the  haemoglobin  of 
the  blood.  They  differ  in  that  while  the  chlorophyll  molecule 
contains  magnesium,  the  haematin  molecule  contains  iron. 

Plant  Products  as  Fuels.  After  the  plant  is  grown  it  is  pos¬ 
sible  to  cut  it  down,  dry  it  and  burn  it  as  wood,  or  man  and 
other  animals  can  eat  it  and  thereby  obtain  the  energy  which 
originally  came  from  the  sun  and  was  stored  up  in  the  plant. 
The  material  of  which  the  plant  is  made  was  mainly  carbon 
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dioxide  and  water  before  it  became  plant  tissue.  It  returns  to 
carbon  dioxide  and  water  when  man  gets  through  with  it. 
When  sugar  is  converted  to  carbon  dioxide  and  water  it  liber¬ 
ates  considerable  heat. 

CioH^On  (cane  sugar)  +  I2O2— >12CC>2+  11H20  + 1,349,600  calories 

This  heat,  you  must  realize,  was  absorbed  from  the  sun  dur¬ 
ing  the  formation  of  the  sugar. 

The  plant  may  mature  and  die  without  being  eaten.  In  such 
a  case  it  may  lie  on  the  ground  to  decay.  If  this  happens  it  is 
slowly  converted  to  carbon  dioxide  and  water.  The  heat 
evolved  radiates  into  the  air  and  to  the  surroundings.  This  slow 
radiation  of  heat  is  neither  easily  nor  usually  noticed.  But  we 
may  easily  get  evidence  of  such  heat  production  by  putting  a 
large  amount  of  decaying  vegetable  matter  in  one  place.  The 
slow  oxidation  which  occurs  produces  much  heat  and  in  many 
instances  results  in  a  fire.  Stacks  of  newspapers,  piles  of  hay, 
and  bundles  of  oily  rags  have  been  known  to  catch  fire  spon¬ 
taneously.  This  burning  serves  to  release  the  heat  which  origi¬ 
nally  came  from  the  sun. 

The  plant  may  fall  in  water  after  it  grows  and  there  be  cov¬ 
ered  by  other  plants.  The  presence  of  water  stops  ordinary 
decay.  Such  a  submersion  and  piling  up  of  plants  may  go  on 
in  the  same  place  for  many  centuries.  The  compressed  material 
which  results  is  called  peat.  It  still  contains  most  of  the  original 
heat  energy  of  the  plants.  The  layer  of  peat  may  become  cov¬ 
ered  with  dirt  by  wind  or  mud  from  floods  so  that  pressure 
results.  This  produces  a  form  of  coal.  The  type  of  coal  formed 
depends  upon  the  length  of  time  the  layer  remains.  The  layer 
may  be  subjected  to  great  pressure  from  the  overburden  of 
earth  and  stone.  Heat  may  result.  The  bituminous  or  soft  coals 
have  been  under  tremendous  pressure  with  little  heat  while 
the  anthracite  or  hard  coals  have  been  subjected  to  both  heat 
and  pressure.  The  heat  drives  off  most  of  the  volatile  matter. 
Regardless  of  the  type  of  coal,  its  burning  releases  the  heat  of 
the  sun  which  has  been  stored  up  for  so  long. 

The  commonly  accepted  theory  of  the  formation  of  petro- 
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leum  and  natural  gas  assumes  that  these  materials  have  been 
produced  from  decaying  plants  and  animals  of  marine  origin 
buried  under  soil  and  rock  in  huge  earthen  tight  containers. 
Even  though  the  accumulation  of  these  in  certain  localities  has 
taken  centuries,  there  can  be  no  doubt  that  their  heat  value  was 
derived  from  the  sun. 

The  energy  of  the  sun  causes  other  changes  also.  Water 
which  is  present  upon  the  surface  of  the  earth  absorbs  the 
energy  of  sunlight  and  is  converted  to  the  vapor  form.  This 
change  from  liquid  water  to  water  vapor  requires  a  very  defi¬ 
nite  amount  of  energy  (Chapter  9).  The  vapor  rises  in  the 
air.  When  cooled  under  the  proper  conditions  it  returns  to  the 
earth  as  rain.  If  the  point  at  which  the  fallen  rain  gathers  is  at 
a  high  altitude  men  can  make  the  plunging  water  run  through 
a  turbine  and  thereby  generate  electricity.  From  the  electric 
current  generated  it  is  possible  to  obtain  heat,  mechanical 
work,  and  chemical  energy.  This  represents  a  short  cycle  uti¬ 
lization  of  the  heat  of  the  sun. 

The  Farm  as  a  Fuel  Producer.  In  the  eyes  of  many  ex¬ 
perts  it  seems  wise  to  develop  a  satisfactory  method  for  the 
production  of  fuel  on  the  farm.  The  wood  lot  has  its  impor¬ 
tance  but  the  value  of  the  timber  for  lumber  is  too  great  to 
warrant  its  general  use  for  fuel.  The  time  factor,  too,  is  against 
farming  for  fuel  in  this  manner.  In  days  of  very  low  prices  the 
farmers  of  the  Middle  West  have  been  known  to  burn  corn 
in  order  to  heat  their  houses.  Corn  produces  a  hot  fire  and  is 
a  satisfactory  fuel.  However,  corn  is  usually  worth  more  as  a 
food  than  as  a  fuel.  This  is  a  very  quick  way  of  getting  back 
some  of  the  heat  of  the  sun  and  if  prices  justify  such  use  of 
corn  the  farmer  is  wise  to  grow  his  own  fuel.  It  would  cer¬ 
tainly  be  a  help  to  farm  economy  if  there  were  a  crop  which 
could  be  used  entirely  as  a  fuel.  Such  a  crop  would  sell  for 
cash  and  would  balance  the  farmer’s  plan  of  diversification. 

Alcohol  for  Motor  Fuel.  It  is  possible  to  convert  the  starch 
contained  in  corn  to  grain  alcohol  by  a  process  which  includes 
fermentation.  Within  the  past  few  years  there  has  been  much 
agitation  for  the  use  of  grain  alcohol  mixed  with  gasoline  as  a 
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motor  fuel.  As  ordinarily  produced  the  alcohol  has  water  in  it 
(95  percent  alcohol  and  5  percent  water)  and  it  will  not  mix 
with  gasoline  unless  other  substances,  called  blending  agents , 
are  also  present.  If  all  the  water  is  removed  from  the  alcohol 
by  special  methods,  then  the  dry  alcohol  and  gasoline  will  mix. 
In  actual  use  it  will  be  impossible  to  prevent  the  entrance  of  a 
little  water  even  by  absorption  on  damp  days,  and  since  gaso¬ 
line  engines  sputter  and  die  if  there  is  water  in  the  fuel,  the 
blending  agent  must  be  added  in  any  event.  There  is  no  ques¬ 
tion  about  the  feasibility  of  using  alcohol  as  a  motor  fuel.  It  has 
been  done.  But  at  the  present  time  such  motor  fuel  cannot  be 
produced  at  a  cost  which  can  compete  with  gasoline.  The 
alcohol  may  be  produced  under  the  most  favorable  conditions 
of  low  prices  at  about  40  cents  per  gallon.  A  gallon  of  gasoline 
while  burning  will  liberate  about  one  third  more  heat  than  will 
a  gallon  of  alcohol.  You  may  see  that  the  alcohol  price  is  too 
great  to  compete  with  gasoline  on  a  cost  basis.  If  a  better 
method  of  production  can  be  found  such  use  may  be  expected. 
The  Department  of  Agriculture  is  investigating  the  problem. 

If  all  motor  fuel  had  to  contain  10  percent  of  alcohol  it 
would  require  a  very  great  increase  in  the  annual  production 
of  farm  crops.  Without  a  doubt  this  would  increase  the  price 
of  crops  and  thus  further  increase  the  cost  of  the  alcohol,  to 
say  nothing  of  the  increased  cost  of  food  and  feed  stuff.  If  the 
supply  of  gasoline  begins  to  run  low,  however,  or  cheaper 
processes  are  discovered,  the  use  of  alcohol  for  motor  fuel  in 
this  country  will  become  a  reality. 

The  Heat  Value  of  Fuels.  The  principal  fuels  which  man 
finds  ready  for  his  use  are  wood,  coal,  petroleum,  and  natural 
gas.  These  may  be  burned  as  they  appear  in  nature  or  they  may 
be  transformed  into  some  more  easily  used  product  before  be¬ 
ing  burned  for  their  energy.  Let  us  go  back  to  the  reaction  of 
carbon  with  oxygen. 

C  +  02  — >  C02  +  95,000  calories 

From  this  equation  we  may  calculate  the  maximum  heat  which 
can  be  obtained  from  a  given  weight  of  pure  carbon.  If  the  car- 
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bon  is  combined  with  some  other  element  the  amount  of  heat 
evolved  will  be  different  for  a  given  amount  of  carbon.  When 
natural  gas  burns  we  are  dealing  with  a  substance  which  con¬ 
tains  compounds  of  carbon  and  hydrogen.  The  principal  sub¬ 
stance  present  is  methane  (CH4). 

CH4  +  20 2  ->  C02  +  2H20  +  210,000  calories 

Here  we  find  that  the  hydrogen  of  the  original  compound  has 
been  converted  into  water  and  thereby  contributes  some  of  the 
heat  which  we  may  get  by  burning  the  methane.  By  burning 
four  atomic  weights  of  hydrogen  we  may  get  1 36,800  calories. 

2H2  +  02  2H20  +  136,800  calories 

Thus  if  we  burn  one  atomic  weight  of  carbon  and  four  atomic 
weights  of  hydrogen  we  would  expect  to  get  231,800  calories 
(95,000  -f-  136,800).  The  difference  between  231,800  and 
2 10,000  represents  the  number  of  calories  released  when  meth¬ 
ane  is  formed  from  carbon  and  hydrogen. 

In  a  similar  manner  we  may  consider  the  combustion  of  the 
gas  acetylene  which  is  used  much  for  the  cutting  and  welding 
of  metals. 

2C2H2  (acetylene)  +  502  — » 4C02  +  2H20  +  624,000  calories 

One  molecule  of  acetylene  will  thus  produce  312,000  calories 
of  heat.  If  we  burn  two  atomic  weights  of  carbon  and  two 
atomic  weights  of  hydrogen  we  would  expect  to  receive  258,- 
400  calories.  We  see  by  this  that  the  molecule  of  acetylene  con¬ 
tains  more  energy  than  do  the  two  elements  of  which  it  is  made. 
Hence  we  may  say  that  the  formation  of  acetylene  from  car¬ 
bon  and  hydrogen  absorbs  53,600  calories.  This  extra  heat 
contained  in  acetylene  helps  to  account  for  the  high  tempera¬ 
ture  which  may  be  obtained  with  the  oxy-acetylene  blow 
torch. 

Some  fuels  such  as  wood,  and  most  coal,  contain  combined 
oxygen  in  varying  amounts.  As  wood  and  other  plant  mate¬ 
rial  is  converted  into  coal  it  gradually  loses  water  and  the  oxy¬ 
gen  content  is  lowered.  One  cannot  be  sure,  of  course,  of  all 
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the  changes  which  take  place  but  analyses  show  less  and  less 
oxygen  and  more  and  more  carbon  as  we  go  from  wood  to 
peat,  to  lignite,  to  soft  coal,  to  anthracite.  This  change  also 
causes  the  loss  of  other  substances  from  the  material.  Even 
ordinary  coal  has  a  higher  heat  value  per  pound  than  does  the 
best  of  dried  wood  fuel.  The  amount  of  oxygen  already  com¬ 
bined  with  the  material  decreases  the  heat  evolution.  As  a 
rule  there  is  considerable  water  even  in  well-dried  wood  and 
this  is  vaporized  in  the  process  of  burning.  Such  vaporization, 
as  you  know,  requires  540  calories  per  gram  and  thus  cuts 
down  the  heat  evolution  still  more.  Wood,  then,  is  not  a  very 
satisfactory  fuel  from  the  standpoint  of  heat  evolved. 

These  considerations  of  natural  gas  and  wood  represent  the 
two  extremes  of  fuels.  The  others  we  may  classify  somewhere 
in  between  as  regards  their  ability  to  evolve  heat.  Any  sub¬ 
stance  which  will  combine  with  oxygen,  and  in  so  doing 
evolve  heat,  may  be  used  as  a  fuel.  The  heat  liberated  is  exactly 
the  same  as  was  absorbed  from  the  sun  when  the  material  was 
formed  from  carbon  dioxide  and  water. 

Conversion  of  Fuel  to  Heat.  The  proper  burning  of  fuels 
involves  many  principles  to  which  chemistry  may  contribute 
much.  The  factors  which  we  have  already  mentioned  from 
time  to  time  as  affecting  the  speed  of  chemical  reactions  are 
still  applicable  to  this  process  of  burning.  Naturally  it  is  the 
heat  which  we  desire  to  get  from  fuels.  It  is  partially  the  job 
of  the  chemist  to  help  find  ways  for  this  which  are  efficient  and 
economical.  The  modern  steam  plant  does  not  by  any  means 
utilize  all  of  the  heat  from  the  coal  which  is  present  as  it  lies 
in  the  mine.  If  we  start  with  a  ton  of  coal  in  the  mine  we 
find  that  five  to  six  hundred  pounds  of  it  is  either  lost  or  used 
up  in  the  process  of  mining;  one  hundred  pounds  of  it  is  used 
in  order  to  transport  the  coal  to  the  user;  about  thirteen  hun¬ 
dred  pounds  of  it  is  burned  without  useful  utilization  in  the 
power  plant;  and  that  leaves  a  maximum  of  one  hundred  pounds 
which  is  converted  to  useful  power.  In  the  light  of  such  fig¬ 
ures  one  feels  justified  in  saying  that  we  are  mighty  wasteful 
of  the  energy  which  has  been  stored  through  the  ages,  and  that 
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the  chemists  of  the  future  still  have  a  long  and  useful  job  to  do. 

The  higher  the  temperature  which  can  be  maintained  in  a 
fuel  burner  the  more  efficient  will  be  the  burning  of  the  fuel. 
If  the  fuel  is  a  solid,  the  rate  of  reaction  is  restricted  by  the 
surface  which  is  exposed  to  oxygen.  If  the  solid  is  powdered 
the  total  surface  is  tremendous.  This  is  utilized  in  certain  me¬ 
chanical  stokers  which  feed  powdered  coal  to  furnaces.  Under 
ordinary  conditions  the  use  of  fine  coal  is  not  recommended 
because  it  packs  so  tightly.  However,  if  the  coal  is  powdered 
and  blown  through  a  nozzle  with  plenty  of  air  the  flame  which 
results  is  quite  hot  and  may  be  compared  with  that  produced 
from  burning  a  gas. 

Dust  Explosions.,  The  importance  of  the  amount  of  surface 
exposed  by  a  combustible  substance  is  noted  in  the  fire  hazard 
which  exists  in  certain  industries  such  as  flour  mills  and  coal 
mines.  Flour,  starch,  coal,  wood,  and  cork  are  quite  com¬ 
bustible  and  if  they  are  powdered  into  dust  and  suspended  in 
the  air  they  need  only  a  spark  of  some  kind  to  start  them 
burning.  Such  fine  division  of  the  material  permits  them  to 
burn  almost  instantly  and  an  explosion  results.  Such  explo¬ 
sions  which  are  destructive  of  men  and  materials  are  far  too 
common.  They  are  known  as  dust  explosions.  Modernized  flour 
mills  have  installed  dust  collectors  at  every  point  in  the  process 
where  any  dust  may  occur  and  thus  they  keep  the  air  free  of 
this  menace  to  safety. 

Liquids  and  Gases  Burn  Better.  It  is  quite  easy  to  spray 
liquid  fuels  into  the  air  in  such  a  way  that  they  burn  rapidly. 
The  small  particles  of  liquid  offer  a  great  surface  to  the  oxygen 
in  much  the  same  way  as  the  dust  particles  do.  Since  most 
liquid  fuels  are  easily  vaporized  the  small  droplets  are  rapidly 
changed  to  gas.  When  a  gas  is  burned  it  is  probable  that  the 
molecules  of  gas  are  in  direct  contact  with  molecules  of  oxy¬ 
gen.  This  brings  about  rapid  and  complete  combustion.  Hence 
it  is  desirable  to  burn  liquids  or  gases  where  it  is  possible.  In 
the  next  chapter  we  will  learn  about  some  of  the  methods 
which  are  used  for  the  production  of  efficient  fuels  from  coal 
and  petroleum. 
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The  Products  of  Combustion.  In  the  previous  discussion  it 
has  been  assumed  that  the  burning  of  fuels  results  in  the  for¬ 
mation  of  nothing  but  carbon  dioxide  and  water  but  this  is 
not  always  the  case  unless  the  burning  takes  place  in  the  pres¬ 
ence  of  an  excess  of  oxygen.  While  it  is  true  that  water  always 
results  from  the  burning  of  hydrogen  compounds,  carbon  is 
frequently  burned  only  to  the  monoxide.  Its  poisonous  nature 
causes  it  to  be  a  constant  threat  to  human  life.  Many  people  die 
from  it  every  year.  Carbon  monoxide  is  formed  whenever  car¬ 
bon  or  its  compounds  are  burned  in  the  presence  of  insufficient 
oxygen.  In  a  coal  fire  with  a  deep  bed  of  coal  the  carbon  is 
first  converted  to  carbon  dioxide  by  the  incoming  air.  The  coal 
in  the  upper  layers  is  heated  by  the  heat  evolved.  The  supply 
of  air  which  reaches  the  fire  is  not  great  enough  to  burn  all  of 
the  coal  which  is  really  hot  enough  to  burn.  The  hot  carbon 
begins  to  take  oxygen  from  some  of  the  carbon  dioxide. 

CO2  +  C  — >  2  CO  (carbon  monoxide) 

The  gases  from  the  fire  will  as  a  result  contain  some  carbon 
monoxide.  This  will  unite  with  oxygen  if  given  a  chance. 

2CO  +  02  ->  2C02 

If  the  gas  is  hot  and  more  air  is  admitted  at  the  top  of  the  fire  a 
blue  flame  may  be  seen.  This  results  from  the  burning  of  the 
carbon  monoxide.  A  fire  which  has  been  “  banked  ”  for  the 
night  gives  off  a  considerable  amount  of  this  gas.  A  defective 
furnace  may  become  a  source  of  poisoning  which  can  spread 
through  the  house. 

Carbon  Monoxide  Poisoning.  In  small  amounts,  the  carbon 
monoxide  present  in  the  air  we  breathe  causes  us  gradually  to 
suffocate  or  smother  for  want  of  oxygen.  In  the  normal  proc¬ 
ess  of  respiration  the  haemoglobin  of  the  blood  reacts  with 
oxygen  in  the  lungs.  The  blood  then  carries  this  combined 
oxygen  to  all  parts  of  the  body  where  it  is  given  up  to  burn 
chemical  fuels  which  are  present.  Now  carbon  monoxide  has 
a  greater  affinity  for  this  haemoglobin  than  does  oxygen. 
Hence,  even  small  amounts  of  carbon  monoxide  which  are 
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breathed  into  the  lungs  may  step  up  and  grab  most  of  this  oxy¬ 
gen  carrier.  This  is  made  serious  by  the  fact  that  carbon  monox¬ 
ide  is  not  given  up  by  the  haemoglobin  as  is  oxygen.  The 
haemoglobin  is  thus  increasingly  tied  up  until  the  person  af¬ 
fected  dies  of  suffocation.  There  are  other  effects  such  as 
paralysis  of  the  legs  and  dulling  of  the  brain  which  are  pro¬ 
duced  at  the  same  time. 

The  most  common  producer  of  carbon  monoxide  is  the 
automobile.  The  mixture  of  gasoline  (a  compound  of  carbon 
and  hydrogen)  and  air  which  enters  the  cylinder  is  not  rich 
enough  in  oxygen  to  burn  the  gasoline  all  of  the  way  to  carbon 
dioxide.  Thus  the  monoxide  is  formed  to  some  extent.  Such  a 
large  amount  of  this  gas  is  given  off  that  running  an  automobile 
in  a  closed  or  partially  closed  garage  for  only  a  short  time  will 
snuff  out  the  life  of  anyone  present.  The  average  automobile 
engine  exhausts  from  one  to  three  cubic  feet  of  carbon  monox¬ 
ide  each  minute  while  running  idle.  A  concentration  of  0.2  per¬ 
cent  breathed  for  a  period  of  three  minutes  is  dangerous  to  life. 
The  average  garage  would  become  dangerously  filled  with 
carbon  monoxide  after  running  the  engine  for  only  one  min¬ 
ute.  After  five  minutes  it  would  be  fatal  to  enter  the  room. 

Carbon  monoxide  has  neither  odor  nor  color  and  gives  no 
warning  of  its  presence.  When  it  begins  to  affect  a  person  his 
mind  ceases  to  function  properly  and  partial  paralysis  may  set 
in,  so  that  escape  becomes  impossible  even  though  the  danger 
is  vaguely  recognized.  Very  small  amounts  breathed  over  a 
long  period  of  time  tend  to  pile  up  and  produce  severe  head 
pains.  This  is  noticed  by  traffic  officers  on  the  corners  of  busy 
streets.  To  prevent  danger  to  drivers  it  is  necessary  to  ventilate 
traffic  tunnels  which  go  under  rivers  and  buildings.  Men  who 
take  care  of  furnaces  frequently  complain.  Open  gas  fires  at 
home  are  guilty  of  producing  many  cases  of  illness. 

Carbon  Monoxide  Is  Important.  Carbon  monoxide  is  not 
entirely  bad.  It  has  many  industrial  applications.  You  may  re¬ 
call  its  use  with  hydrogen  in  the  production  of  synthetic  wood 
alcohol  as  described  in  Chapter  8.  This  oxide  of  carbon 
combines  with  chlorine  to  form  phosgene  (COCl2)  which  is 
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used  in  the  manufacture  of  drugs  and  is  one  of  the  important 
war  gases.  The  method  for  purifying  nickel  calls  for  its  union 
with  carbon  monoxide  to  form  nickel  carbonyl  (Ni(CO)4). 
This  compound  forms  at  about  50°  and  boils  off  from  the  im¬ 
purities.  It  is  decomposed  to  give  back  the  nickel  at  higher 
temperatures. 

Carbon  monoxide  is  an  important  fuel.  It  is  formed  along 
with  hydrogen  when  steam  is  passed  over  hot  coke.  The  re¬ 
duction  of  iron,  zinc,  and  copper  oxides  is  brought  about  by 
the  carbon  monoxide  which  is  present  in  the  furnace.  In  the 
blast  furnace  the  principal  reaction  is  between  ferric  oxide  and 
carbon  monoxide. 

Fe203  -f-  3CO  — >  2Fe  -f-  3C02 

The  gas  from  the  blast  furnace  contains  much  unused  carbon 
monoxide  and  this  mixture  is  used  as  a  fuel  to  run  the  ma¬ 
chinery  of  the  plant.  All  fuel  gas  which  is  manufactured  for 
city  use  contains  this  oxide  of  carbon  in  amounts  up  to  35 
percent. 

Carbon  Dioxide.  Some  of  the  uses  of  carbon  dioxide  have 
been  discussed  in  Chapter  5.  All  compounds  of  carbon,  as  well 
as  carbon  itself,  when  burned  in  an  excess  of  air  form  carbon 
dioxide.  It  is  produced  when  limestone  is  heated  as  described 
in  Chapter  10.  Also,  it  is  formed  during  the  process  of  fermen¬ 
tation.  Animals  exhale  it  when  they  breathe.  The  gases  from 
some  gas  wells  contain  large  amounts  of  carbon  dioxide  and  the 
waters  from  many  springs  are  saturated  with  it.  Temporary 
hardness  of  water  is  due  to  an  excess  of  carbon  dioxide  in  the 
form  of  bicarbonates  of  calcium  and  magnesium  (Chapter 
8).  Boiling  such  water  removes  the  excess  of  carbon  diox¬ 
ide  and  permits  the  carbonates  of  these  metals  to  precipitate. 

Let  us  look  at  some  of  the  reactions  of  carbon  dioxide. 
With  water  it  forms  carbonic  acid. 

h2o  +  co2  h2co3 

The  weakness  of  this  acid  together  with  its  harmless  nature  is 
shown  by  its  lack  of  effect  upon  the  delicate  tissues  of  the 
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mouth  and  throat  when  it  is  consumed  as  soda  water.  With  the 
salts  of  metallic  elements  this  acid  acts  to  form  carbonates. 
With  calcium  salts  it  forms  insoluble  calcium  carbonate. 

CaCl2  +  H2C03  CaC03  +  2HC1 

When  calcium  carbonate  is  treated  with  an  excess  of  carbonic 
acid  it  dissolves  as  calcium  bicarbonate. 

CaC03  +  H2C03  Ca(HC03)2  (calcium  bicarbonate) 

It  is  this  action  which  brings  about  the  solution  of  limestone 
by  underground  water  forming  caves.  Water  containing  this 
bicarbonate  is  said  to  be  temporarily  hard. 

The  carbonates  are  all  decomposed  by  acids.  Even  the  acid 
of  vinegar  (acetic  acid)  causes  the  evolution  of  carbon  dioxide 
from  sodium  carbonate  or  limestone.  With  hydrochloric  acid 
the  decomposition  of  limestone  is  rapid. 

CaC03  +  2HC1  ±5  CaCl2  +  H20  +  C02 

Carbon  dioxide  represents  the  highest  stage  of  oxidation  of 
carbon.  By  this  we  mean  that  no  further  burning  is  possible 
and  it  will  unite  with  no  more  oxygen.  This  suggests  its  use 
in  fire  extinguishers.  A  fire  can  burn  only  so  long  as  oxygen 
can  get  to  it.  If  we  can  put  a  layer  of  carbon  dioxide  between 
the  oxygen  and  the  fire,  and  keep  it  there  until  the  combustible 
material  cools,  the  fire  will  die.  Carbon  dioxide  is  one  and  one- 
half  times  as  heavy  as  air  and  this  alone  sometimes  makes  pos¬ 
sible  its  use  to  cover  a  fire.  Ordinarily,  however,  it  is  better  to 
brine  about  the  evolution  of  the  carbon  dioxide  at  the  base  of 
the  fire  itself.  For  this  purpose  the  usual  fire  extinguisher  con¬ 
tains  two  solutions.  One  is  a  solution  of  sodium  bicarbonate 
and  the  other  is  sulfuric  acid.  When  the  extinguisher  is  turned 
upside  down  the  two  solutions  come  together. 

2NaHC03  +  H2S04  ->  Na2S04  +  2H20  +  2C02 

The  pressure  of  the  carbon  dioxide  forces  the  liquid  out 
through  a  nozzle.  Most  of  the  gas  is  dissolved  in  the  liquid  and 
thus  is  carried  to  the  seat  of  the  fire  by  the  stream.  There  it  is 
evolved  and  helps  to  smother  the  flame. 
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Another  type  of  fire  extinguisher  throws  a  stream  of  foam 
and  is  known  as  “  Foamite  ”  or  “  Firefoam.”  This  type,  too, 
uses  sodium  bicarbonate  as  a  source  of  carbon  dioxide.  In 
place  of  sulfuric  acid  it  uses  a  solution  of  alum  or  aluminum 
sulfate.  You  may  recall  that  a  solution  of  aluminum  sulfate  re¬ 
acts  with  baking  soda  to  liberate  carbon  dioxide  (Chapter  10). 

A12(S04)3  +  6HOH  ->  2A1(0H)3  +  3H2S04 

The  aluminum  hydroxide  is  a  gelatinous  material  which  causes 
a  foam  with  the  carbon  dioxide.  This  gas  is  liberated  by  the 
action  of  the  sulfuric  acid  formed  on  the  sodium  bicarbonate. 
The  foam  is  stabilized  or  made  to  stay  that  way  by  the  pres¬ 
ence  of  an  extract  of  licorice  which  is  placed  in  with  the  soda. 
This  type  of  extinguisher  is  especially  valuable  for  use  on  oil 
fires. 

The  Cycle  of  Carbon  in  Nature.  We  have  seen  how  car¬ 
bon  dioxide  is  given  to  the  air  by  processes  of  combustion  and 
how  it  is  taken  from  the  air  by  the  process  of  photosynthesis. 
The  atmosphere  is  a  vast  store  house  for  this  important  gas. 
Within  the  ocean  water  there  are  countless  numbers  of  minute 
organisms  which  absorb  carbon  dioxide  from  the  water  and 
use  it  to  form  their  tiny  skeletons  of  calcium  carbonate.  Some 
organisms  which  so  use  this  gas  are  not  so  small,  the  oyster  and 
the  clam,  for  instance.  Many  tons  of  this  oxide  of  carbon  are 
thus  tied  up  as  calcium  carbonate  and  it  is  from  these  bodies 
that  limestone  is  made.  A  casual  examination  of  limestone  will 
demonstrate  this.  This  process  removes  the  carbon  dioxide 
from  the  air  more  or  less  permanently  though  men  regain  a 
part  of  it  by  heating  limestone  for  lime. 

SUMMARY 

All  growing  plants  get  their  carbon  for  growth  from  the 
carbon  dioxide  of  the  air  by  the  process  of  photosynthesis. 
Chlorophyll  is  the  essential  catalyst  for  this  change  though 
light  is  equally  important. 

When  plants  or  plant  products  are  used  as  fuels,  the  heat 
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evolved  is  that  which  was  absorbed  from  the  sun  when  they 
were  produced  from  carbon  dioxide  and  water. 

The  use  of  coal  and  petroleum  as  fuels  represents  a  long  time 
cycle  of  this  use  of  the  energy  of  the  sun.  It  is  desirable  to  find 
a  short  time  cycle  for  this  by  using  farm  crops  as  fuel.  The  pro¬ 
duction  of  acohol  may  someday  meet  this  need  and  at  the 
same  time  use  up  surplus  corn. 

The  heat  value  of  fuels  depends  upon  the  chemical  compo¬ 
sition  of  the  fuel.  The  heat  which  is  actually  obtained  depends 
upon  the  method  and  completeness  of  combustion. 

Carbon  monoxide  results  from  the  incomplete  combustion 
of  carbon  and  its  compounds.  It  is  a  treacherous  poison  which 
may  be  present  without  our  knowing  it.  It  is  produced  in  large 
amounts  from  automobiles.  Death  results  from  oxygen  starva¬ 
tion  due  to  the  union  of  carbon  monoxide  with  the  haemo¬ 
globin  of  the  blood. 

Carbon  monoxide  is  an  important  fuel  and  chemical  reagent. 
Metals  are  obtained  from  their  oxides  by  its  use. 

Carbon  dioxide  and  the  carbonates  are  important  industri¬ 
ally.  Their  uses  are  many.  The  atmosphere  serves  as  a  reservoir 
of  carbon  dioxide  for  the  cycle  of  carbon  in  nature. 


REVIEW  QUESTIONS 

1.  What  chemical  change  is  thought  to  be  the  first  in  photo¬ 
synthesis? 

2.  Why  should  we  not  compare  experiments  run  in  test  tubes 
with  processes  which  take  place  in  a  leaf? 

3.  Why  are  we  justified  in  saying  that  the  energy  from  burn¬ 
ing  plants  is  energy  from  the  sun? 

4.  Calculate  the  heat  which  we  should  expect  from  burning 
the  carbon  and  hydrogen  contained  in  cane  sugar.  Compare  this 
with  the  amount  of  heat  liberated. 

5.  Is  it  true  that  decaying  plants  give  off  no  heat?  Cite  proof. 

6.  What  appears  to  be  the  difference  between  various  kinds  of 
coal? 

7.  What  factors  prevent  the  use  of  alcohol  in  competition  with 
gasoline? 
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8.  Why  do  we  state  that  acetylene  contains  more  heat  energy 
than  do  the  elements  from  which  it  is  made? 

9.  How  may  we  increase  the  rate  and  completeness  of  com¬ 
bustion  of  solid  fuels? 

10.  Why  are  gases  and  liquids  the  more  efficient  fuels? 

11.  Account  for  dust  explosions.  May  they  be  the  result  of 
spontaneous  fire? 

12.  Account  for  the  formation  of  carbon  monoxide  in  a  stove. 

13.  Why  do  we  consider  carbon  monoxide  a  treacherous  poi¬ 
son? 

14.  The  Bureau  of  Mines  states  that  one  volume  of  carbon 
monoxide  in  2500  volumes  of  air  is  dangerous  to  breathe.  How 
long  would  be  required  for  an  average  automobile  engine  to  give 
this  concentration  in  a  room  10  by  10  by  30  feet? 

15.  Account  for  the  poisonous  effect  of  carbon  monoxide. 

16.  List  and  describe  some  important  uses  of  carbon  monoxide. 

17.  Why  will  a  solution  of  sodium  carbonate  dissolve  more 
carbon  dioxide  than  will  a  like  amount  of  water? 

18.  Account  for  the  solubility  of  limestone  in  underground 
water. 

19.  Account  for  the  use  of  baking  powder  in  bread  making. 

20.  Describe  the  common  fire  extinguisher.  Write  the  equa¬ 
tions  for  the  chemical  changes  involved  during  its  use. 
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The  United  States  was  bom  blessed  with  many  things,  not 
the  least  of  which  are  its  abundant  supplies  of  petroleum  and 
coal.  The  average  human  being  is  guided  by  peculiar  instincts 
in  some  instances  and  as  a  result  he  becomes  wasteful  when  in 
the  presence  of  an  abundance.  His  utilization  of  these  fuel  sup¬ 
plies  has  been  no  exception.  Coal  has  been  looked  upon  as  a 
fuel  from  an  ever  full  bin.  Petroleum  products  have  been  a  little 
more  difficult  to  get  and  thereby  probably  have  enjoyed  a 
greater  degree  of  conservation.  We  have  long  since  learned 
that  these  fuels  as  found  in  nature  are  not  always  in  the  form 
for  most  efficient  heat  production.  A  part  of  this  is  true  be¬ 
cause  of  mechanical  difficulties  encountered  in  their  use.  Much 
of  it  has  been  learned  because  of  an  examination  of  economic 
costs. 


COAL 

Coal  has  served  as  our  greatest  source  of  fuel.  It  seems  prob¬ 
able  that  it  will  still  be  with  us  long  after  our  petroleum  sup¬ 
plies  are  gone.  It  has  already  been  pointed  out  that  we  do  not 
utilize  much  of  the  substance  which  lies  in  the  mine  as  coal. 
We  cannot  charge  this  lack  of  utilization  entirely  to  waste 
since  a  part  is  used  in  mining  with  its  operations  and  a  part  is 
used  in  transportation.  We  regret  to  admit,  however,  that  some 
of  our  best  equipped  power  plants  are  able  to  obtain  not  more 
than  30  to  35  percent  of  the  heat  value  which  is  in  the  coal  they 
consume.  This  fact  is  an  admission  of  great  waste.  When  we 
consider  that  coal  is  far  more  than  a  fuel,  that  it  is  a  great  chem¬ 
ical  storehouse,  we  are  faced  with  the  charge  of  dissipating 
one  of  our  greatest  natural  resources. 
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Coke.  For  hundreds  of  years  men  have  used  coal  in  order  to 
obtain  iron  from  its  ores.  Coal  itself  was  found  unsuited  for 
this  purpose  because  it  contains  too  much  volatile  matter.  This 
was  taken  care  of  by  first  heating  the  coal  to  drive  off  these 
obnoxious  substances.  And  obnoxious  they  were  indeed.  At 
one  time  it  became  necessary  for  the  English  government  to 
forbid  such  treatment  of  coal  near  certain  cities.  There  was 
no  need  of  going  to  extra  trouble  in  this  heating.  They  merely 
piled  up  a  great  lot  of  coal  and  covered  it  with  earth  or  brick. 
Around  the  lower  edges  they  left  holes  for  air  and  at  the  top 
they  left  a  hole  where  these  gases  could  escape.  The  whole 
thing  looked  much  like  the  classical  beehive.  A  fire  was  started 
at  each  of  the  lower  openings  and  when  the  entire  mass  of 
coal  became  hot  they  filled  these  holes  with  clay.  The  heat 
drove  off  the  volatile  matter  and  left  a  steel-gray  material  hav¬ 
ing  the  porous  structure  of  a  loaf  of  bread.  This  material  was 
excellent  for  the  reduction  of  iron  ore.  It  became  known  as 
coke.  This  characteristic  method  of  heating  the  coal  became 
known  as  the  beehive  method. 

As  early  as  1792  a  Scotch  mechanic,  William  Murdock,  con¬ 
ceived  the  idea  of  lighting  his  home  with  the  gas  produced 
by  heating  coal.  By  1816  it  was  in  common  use  in  London  on 
a  commercial  basis,  and  by  1817  it  was  used  in  Baltimore, 
Maryland.  The  commercial  production  of  this  gas  employed 
iron  retorts  in  which  soft  or  bituminous  coal  was  heated  to 
about  800°  F.  No  attempt  was  made  to  recover  the  ammonia 
or  the  tar  which  was  obtained  at  the  same  time. 

In  1845,  Hoffmann,  a  German  chemist,  discovered  benzene 
in  coal  tar.  In  1856  the  first  synthetic  dye  was  produced,  using 
a  compound  produced  from  benzene.  Since  that  time  the 
compounds  obtained  directly  and  indirectly  from  coal  tar  have 
greatly  increased  in  number.  They  have  become  the  starting 
materials  in  the  manufacture  of  dyes,  explosives,  drugs,  per¬ 
fumes,  flavors,  and  plastics.  All  of  this  tar  is  lost  when  coke 
is  made  in  the  beehive  oven. 

By-product  Coke.  During  the  first  World  War  it  became 
apparent  that  Germany  had  great  supplies  of  coal  tar  from 
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which  to  make  toluene  for  T.N.T.  The  United  States  was 
at  that  time  doing  little  to  conserve  this  valuable  material. 
Most  of  our  coke  was  being  made  in  beehive  ovens  according 
to  the  old-fashioned  method.  The  necessity  of  the  times  forced 
our  industries  to  install  by-product  ovens  which  would  collect 
everything  as  it  escaped  from  the  coal. 

The  by-product  ovens  are  long,  narrow  chambers  built 
of  fire  brick.  Each  is  about  fourteen  inches  wide,  twelve  feet 
high,  and  forty  feet  long.  They  are  heated  with  gas  to  about 
1000°  C.  Since  they  are  so  narrow  the  coal  in  them  is  heated 
rapidly.  This  produces  a  better  coke.  Ordinarily  these  ovens 
are  arranged  side  by  side  with  as  many  as  one  hundred  ovens 
in  a  single  “  battery.”  Each  oven  holds  about  fifteen  tons  of 
coal.  Twelve  to  fifteen  hours  of  heating  is  required  for  the 
production  of  coke  from  this  amount  of  coal.  All  of  the  vola¬ 
tile  matter  is  collected. 

As  the  gases  come  from  the  coking  ovens  they  are  cooled 
and  sent  through  special  equipment  where  the  last  traces 
of  tar  and  ammonia  are  removed.  Additional  treatment  re¬ 
covers  the  benzene  and  other  similar  substances  as  crude  ben¬ 
zene.  Everything  which  cannot  be  removed  passes  on  as 
coal  gas.  This  is  a  splendid  fuel  and  is  used  in  many  cities. 
From  the  average  ton  of  coal  which  is  charged  into  a  by¬ 
product  oven  there  is  produced:  1400  pounds  of  coke;  9.25 
gallons  of  tar;  23.25  pounds  of  ammonium  sulfate;  3  gallons 
of  crude  benzene;  and  11,000  cubic  feet  of  gas.  About  one 
third  of  the  gas  is  used  to  fire  the  coke  ovens  and  the  remainder 
is  sold  as  fuel. 

Value  of  By-products.  Something  of  the  value  of  the  prod¬ 
ucts  of  coal  distillation  may  be  obtained  from  the  approximate 
figures  for  1939  in  the  United  States.  During  that  year  61  mil¬ 
lion  tons  of  coal  were  converted  to  coke  in  by-product  ovens. 
This  produced  a  total  of  43  million  tons  of  coke,  665  billion 
cubic  feet  of  gas,  550  million  gallons  of  tar,  1150  million 
pounds  of  ammonium  sulfate,  50  million  pounds  of  ammonia, 
and  165  million  gallons  of  crude  benzene.  The  value  of  the 
by-products  alone  was  in  excess  of  $200,000,000. 
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You  will  probably  think  that  in  the  light  of  such  figures 
all  of  the  coke  needed  would  be  produced  in  by-product 
ovens.  This  is  not  the  case,  however.  In  1939  there  were 
2  million  tons  of  coal  heated  in  beehive  ovens. 

Coal  Tar.  Coal  tar  contains  a  number  of  substances,  some 
of  which  are  volatile.  By  careful  distillation  of  the  tar  it  is 
possible  to  obtain  these  in  the  distillate.  The  first  to  boil  over 
is  the  important  liquid,  benzene,  already  mentioned.  Follow¬ 
ing  this  is  toluene  which  was  mentioned  as  the  starting  mate¬ 
rial  in  the  manufacture  of  T.N.T.;  xylene,  which  is  very 
similar  to  the  two  above;  phenol,  which  is  carbolic  acid;  cresol, 
which  is  the  disinfectant  used  in  stock  dips,  lysol,  and  creo¬ 
sote  for  wood;  naphthalene,  which  is  the  material  for  the  com¬ 
mon  mothball  as  well  as  an  important  chemical;  and  anthra¬ 
cene,  which  is  the  starting  material  for  certain  dyes,  notably 
“  turkey  red.”  There  are  yet  other  compounds  of  lesser  im¬ 
portance  not  mentioned  here.  It  must  be  pointed  out  that  not 
a  single  one  of  these  substances  is  a  dye  or  a  drug  in  the  usual 
sense  of  the  word. 

The  remarkable  part  about  all  of  these  products  is  the  readi¬ 
ness  with  which  they  lend  themselves  to  change  by  chemical 
processes.  While  some  of  these  changes  will  be  discussed  in 
more  detail  later  it  must  be  pointed  out  that  the  chemist  makes 
many  otherwise  unknown  substances  from  these  few.  He  takes 
these  compounds,  combines  them  with  a  few  others  obtained 
elsewhere,  and  there  results  a  number  of  new  compounds 
which  we  term  intermediates.  They  have  no  particular  appli¬ 
cation  except  to  make  still  other  substances.  Two  or  more  of 
these  intermediates  may  be  caused  to  unite  or  to  react  with 
other  compounds  and  thus  produce  yet  other  new  substances. 
The  combination  and  recombination  of  these  steps  bring  about 
the  production  of  thousands  of  hitherto  unknown  substances 
which  are  useful  to  us  in  making  life  more  pleasant,  in  giving 
us  more  durable  and  more  beautiful  things,  and  in  controlling 
or  curing  our  diseases.  Some  of  these  have  been  found  to  have 
certain  effects  upon  the  animal  body.  This  will  be  discussed 
in  the  chapter  dealing  with  drugs. 
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FUEL  GASES 

The  burning  of  gases  is  much  more  efficient  than  the  burn¬ 
ing  of  solids.  This  is  partly  due  to  the  mechanical  ease  of  plac¬ 
ing  a  gas  flame  exactly  where  it  is  wanted  and  adjusting  it  to 
suit  the  conditions.  Of  greater  value  than  this  is  the  fact  that 
gases  mix  with  air  and  their  combustion  is  more  complete. 

Natural  Gas.  Just  a  few  years  ago  natural  gas  was  consid¬ 
ered  as  being  in  the  way  of  oil  production.  More  or  less  gas 
was  present  in  oil  fields  and  it  was  permitted  to  escape  when¬ 
ever  possible.  Many  times  a  well  would  not  produce  oil  in 
large  amounts  until  the  gas  had  been  released.  The  writer  re¬ 
calls  a  visit  to  a  well  from  which  it  was  claimed  100  million 
cubic  feet  of  gas  escaped  each  day.  Its  roar  could  be  heard 
miles  away.  Such  wastefulness  becomes  apparent  when  we  real¬ 
ize  that  fourteen  cubic  feet  of  this  gas  was  equal  to  a  pound 
of  the  best  coal. 

The  sale  of  natural  gas  as  a  fuel  has  now  become  a  large 
industry.  In  1939  its  production  reached  the  astronomical 
figure  of  2.2  trillion  cubic  feet.  A  greater  part  of  this  was 
sold  for  almost  one-half  billion  dollars.  These  figures  are 
meaningless,  of  course,  since  neither  you  nor  I  have  any  idea 
of  how  much  they  mean.  The  most  outstanding  trend  in  natu¬ 
ral  gas  consumption  is  in  the  field  of  electrical  generating  sta¬ 
tions.  Approximately  10  percent  of  the  total  natural  gas  con¬ 
sumption  is  so  used.  Its  use  for  domestic  and  industrial  heating 
is  increasing  rapidly.  In  order  to  get  this  gas  to  the  consumers 
there  are  now  great  pipe  lines  which  carry  it  hundreds  of 
miles  across  the  country.  One  such  line  runs  from  western 
Texas  to  Chicago  with  branches  along  the  way. 

One  great  waste  in  the  natural  gas  industry  has  been  due 
to  the  method  of  producing  carbon  black.  This  substance, 
sometimes  called  lampblack,  is  carbon  produced  by  burning 
gas  with  a  limited  supply  of  air. 


CH4  +  02  ->  2H20  +  C 
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The  smoky  flame  so  produced  is  kept  in  contact  with  a  slowly 
revolving  steel  drum  which  is  kept  cool.  A  layer  of  carbon 
black  is  formed  on  the  drum  and  it  is  scraped  off.  This  finds 
use  in  automobile  tires  since  it  makes  the  rubber  tougher,  and 
it  makes  an  excellent  black  pigment  for  paint,  varnish,  and 
black  ink.  The  heat  produced  in  forming  the  carbon  black 
is  entirely  lost.  It  is  possible  to  produce  carbon  black  by 
heating  the  gas  under  the  proper  conditions,  thus  decompos¬ 
ing  the  molecules  to  carbon  and  hydrogen. 

Manufactured  Gas.  Besides  the  production  of  coal  gas  dur¬ 
ing  the  formation  of  coke  there  are  two  general  methods  for 
the  conversion  of  coal  into  gas.  Either  of  the  two  methods 
is  entirely  satisfactory  for  use  with  coke  and  hence  may  be 
used  in  connection  with  the  manufacture  of  coal  gas. 

1.  Producer  Gas.  We  have  already  considered  the  chemi¬ 
cal  reaction  which  takes  place  between  hot  carbon  and  carbon 
dioxide.  This  is  the  basis  for  the  manufacture  of  one  type  of 
gas  from  coke  or  low-grade  coal.  The  fuel  is  burned  in  a 
stream  of  hot  air  until  a  white-hot  fire  results.  The  air  is  then 
shut  off  and  the  carbon  dioxide  is  allowed  to  react  with  the 
hot  carbon  to  form  carbon  monoxide.  The  two  changes  which 
occur  may  be  written  in  the  form  of  equations. 

C  +  02  — >  C02  -1-  94,400  calories 

C02  +  C  +  53,400  calories  — >  2CO 

The  formation  of  one  gram  molecular  weight  of  carbon  di¬ 
oxide  liberates  94,400  calories  while  the  reduction  of  carbon 
dioxide  to  carbon  monoxide  consumes  53,400  calories  for  each 
molecular  weight  of  the  dioxide  reduced.  It  must  be  remem¬ 
bered  that  a  molecular  weight  of  the  monoxide  is  formed 
from  carbon  at  the  same  time. 

Suppose  that  all  of  the  carbon  dioxide  first  formed  is  later 
changed  to  carbon  monoxide.  For  every  molecular  weight 
(44  grams)  of  carbon  dioxide  originally  present  there  will  be 
41,000  calories  of  heat  left  over.  This  is  the  difference  between 
the  heat  evolved  by  the  first  reaction  and  the  heat  absorbed 
by  the  second  reaction  (94,400  —  5  3,400) .  This  means  that  the 
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carbon  monoxide  which  is  formed  will  be  hot.  It  would  be 
wasteful  to  cool  this  down  by  storage.  Hence  we  find  that 
whenever  gas  is  produced  by  this  process  it  is  used  at  once  in 
order  to  take  advantage  of  this  extra  heat.  If  it  is  so  used  before 
cooling  it  gives  an  efficiency  of  85  to  90  percent,  based  upon 
the  original  carbon  in  the  coke.  Such  gas  always  contains  nitro¬ 
gen  from  the  air  used.  The  reaction  for  the  burning  process 
is  written: 

2  CO  +  02  +  (nitrogen)  — » 2C02  +  (nitrogen)  +  135,400  calories 

Gas  produced  in  this  manner  is  called  producer  gas.  Fortu¬ 
nately  it  may  be  manufactured  from  low-grade  coal  and  even 
from  lignite. 

2.  Water  Gas.  In  our  discussion  of  methods  for  hydrogen 
production  it  was  brought  out  that  hot  carbon  will  react  with 
steam  to  produce  hydrogen  and  carbon  monoxide.  This  is  the 
most  widely  used  method  for  the  production  of  gas.  Coke  or 
anthracite  coal  is  burned  with  a  forced  draft  of  air  until  the 
bed  of  burning  material  is  white-hot.  The  carbon  dioxide 
formed  is  sent  through  a  waste-heat  boiler  in  order  to  recover 
the  evolved  heat.  The  air  supply  is  shut  off  and  steam  is  forced 
through  the  hot  coke  for  about  five  minutes.  The  formation  of 
carbon  monoxide  and  hydrogen  proceeds  so  long  as  the  tem¬ 
perature  remains  above  1000°  C. 

C  +  H20  +  41,850  calories  ->  CO  +  H2 

This  reaction  absorbs  heat  from  the  fire  and  hence  cools  the 
bed  of  coke.  When  the  temperature  falls  too  low  for  further 
action  with  steam  the  air  supply  is  again  turned  on  as  before. 
This  process  is  an  intermittent  one. 

The  gas  produced  in  this  manner  is  excellent  for  heating 
and  cooking.  It  is  called  'water  gas.  Since  it  contains  carbon 
monoxide,  it  is  poisonous  and  must  be  treated  with  some  sub¬ 
stance  to  give  it  an  unmistakable  odor. 

Some  gas  plants  now  make  a  mixture  of  producer  gas  and 
water  gas  by  feeding  air  and  steam  through  a  deep  bed  of  hot, 
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low-grade  coal.  The  air  supply  is  adjusted  so  as  to  keep  the  tem¬ 
perature  high  enough  for  the  reaction  with  water.  The  carbon 
dioxide  formed  is  reduced  to  the  monoxide  as  it  travels  up¬ 
ward  through  the  bed  of  hot  material.  The  product  is  called 

semi-water  gas. 


LIQUID  FUELS 

The  liquid  fuels  such  as  furnace  oil  may  be  sprayed  or  blown 
into  any  sort  of  furnace.  Because  of  this  ease  of  handling 
they  are  sometimes  preferred.  With  properly  designed  burn¬ 
ers  they  give  high  efficiency  of  burning.  With  our  present  use 
of  the  automobile  and  other  internal  combustion  engines,  we 
in  the  United  States  require  about  600  million  barrels  of  gaso¬ 
line  annually.  In  order  to  supply  this  demand  in  those  coun¬ 
tries  having  low  petroleum  supplies  efforts  are  being  made  to 
convert  coal  into  liquids. 

Petroleum  (Rock  Oil).  The  crude  petroleum  which  comes 
from  the  ground  is  made  up  of  many  different  compounds. 
With  the  exception  of  the  impurities  these  are  made  up  entirely 
of  carbon  and  hydrogen.  They  are  called  hydrocarbons.  There 
are  thousands  of  hydrocarbons  and  it  is  probable  that  most 
of  them  occur  in  petroleum.  These  differ  from  one  another 
because  of  the  size  of  their  molecules  as  well  as  because  of  the 
arrangement  of  the  atoms  within  their  molecules.  In  general, 
we  may  say  that  the  fuel  use  to  which  particular  hydrocarbons 
may  be  put  depends  upon  the  number  of  carbon  atoms  pres¬ 
ent  in  the  molecules.  This  may  be  understood  more  readily  if 
we  add  that  their  volatility  is  largely  dependent  upon  the 
molecular  weight  of  the  hydrocarbon.  Let  us  consider  a  few 
examples.  There  is  one  hydrocarbon  which  has  only  one  car¬ 
bon  atom  present  in  each  molecule.  This  is  methane  (CEL) 
which  makes  up  the  greater  part  of  natural  gas.  It  does  not 
become  a  liquid  unless  it  is  cooled  to  161.4°  below  0°  C.  An¬ 
other  hydrocarbon  found  in  natural  gas  is  ethane  (C2H„) .  This 
gas  will  liquefy  if  cooled  to  88.3°  below  0°  C.  Yet  another  com¬ 
ponent  of  some  natural  gas  is  propane  (C3H8),  which  liquefies 
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at  — 44.1  °  C.  From  the  gas  which  is  produced  in  oil  fields  they 
are  able  to  obtain  butane  (C4H10),  boiling  at  +0.6°  C,  and 
pentane  (C5H12),  which  boils  at  36°  C.  From  this  you  may 
see  that  the  greater  the  number  of  carbon  atoms  in  the  mole¬ 
cule  the  higher  the  boiling  point  will  be. 

Refining  Petroleum.  If  a  supply  of  crude  petroleum  is 
placed  in  a  container  and  heated  to  a  set  temperature,  every¬ 
thing  which  can  become  a  gas  at  that  temperature  will  boil  off. 
By  raising  the  temperature  another  group  of  molecules  will 
be  removed  and  we  say  that  the  petroleum  is  being  subjected 
to  fractional  distillation.  Because  of  the  similarity  of  the  dif¬ 
ferent  compounds  it  is  impossible  to  make  sharp  separations 
of  them  by  this  method.  But  it  is  possible  to  separate  the 
petroleum  into  “  fractions  ”  or  “  cuts  ”  which  boil  between 
certain  fairly  well  defined  temperatures.  It  is  possible  for  the 
operator  to  control  the  products  collected  in  a  particular  con¬ 
tainer  by  watching  the  temperature  within  the  still.  The  larger 
molecules  require  such  a  high  temperature  for  their  vaporiza¬ 
tion  that  the  pressure  is  usually  reduced  in  order  to  make  them 
boil  at  a  lower  temperature. 

Uses  of  the  Fractions.  Methane  and  ethane  as  well  as  most 
of  the  propane  content  of  petroleum  are  removed  by  a  frac¬ 
tionation  which  takes  place  of  itself.  These  first  two  make  up 
natural  gas.  Propane  and  butane  (C3H8  and  C4H10)  are  con¬ 
densed  from  natural  gas  and  sold  in  tanks  to  be  used  in  special 
systems.  We  are  fast  becoming  accustomed  to  seeing  the  ad¬ 
vertisements  of  “  butane  ”  gas.  Those  homes  not  having  gas 
available  to  them  find  these  tanks  of  butane  gas  quite  con¬ 
venient. 

That  portion  of  petroleum  which  boils  from  35°  C.  to  70°  C. 
contains  pentane  and  hexane  (C5H12  and  C6H14)  and  is  sold  as 
a  thinner  for  paint  and  varnish.  Molecules  containing  from 
five  to  twelve  carbon  atoms  (C5H12,  C6Hi4,  C7H16,  C8H18, 
C9H20,  Ci0H22,  CuH24,  Ci2H26)  are  sold  as  gasoline  since  they 
do  not  evaporate  too  rapidly  in  air  but  do  burn  satisfactorily 
in  an  automobile  engine.  Those  molecules  containing  from 
ten  to  fifteen  carbon  atoms  make  up  the  mixture  commonly 
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sold  as  kerosene.  The  ordinary  engine  will  not  run  with  such 
high  boiling  fuel  but  there  are  some  which  have  been  equipped 
with  special  heating  and  vaporizing  devices  and  do  burn  kero¬ 
sene.  Much  of  the  higher  boiling  fractions  which  possess  suf¬ 
ficient  fluidity  are  used  for  fuel  oil  in  Diesel  engines  and  in 
oil-burning  furnaces.  As  the  temperature  of  the  boiling  petro¬ 
leum  goes  up,  the  fractions  from  which  lubricants  are  pre¬ 
pared  come  over.  Some  of  these  larger  molecules  are  solids 
and  will  separate  out  if  the  oil  is  chilled.  These  solids  are  sold 
as  “  Vaseline  ”  and  “  paraffin.”  Little  is  known  about  the 
composition  of  paraffin.  Some  refiners  go  to  great  pains  to  ef¬ 
fect  its  removal  from  their  lubricating  oils.  Others  simply 
add  something  to  prevent  the  formation  of  the  solid  when 
the  oil  is  chilled  (Paraflow).  Regardless  of  which  process  is 
followed,  it  is  at  once  evident  that  the  ultimate  user  of  the 
lubricant  does  not  want  the  oil  pump  and  bearings  of  his  car 
filled  with  solid  paraffin  on  every  cold  morning  during  the 
winter. 

Always  there  is  a  petroleum  residue  which  will  not  boil. 
If  it  remains  in  the  still  it  is  converted  into  a  type  of  coke.  If 
removed  it  is  sold  as  road  tar.  The  presence  of  such  material 
which  cannot  be  distilled  causes  a  process  of  separation  as 
just  described  to  be  a  batch  process.  Twenty  years  ago  it  was 
the  only  process  in  general  use.  Modern  stills  have  been  de¬ 
vised  which  permit  a  continuous  distillation  process.  Crude 
petroleum  enters  at  one  point  and  the  various  fractions  are 
withdrawn  at  the  proper  places  from  the  condenser.  They 
operate  on  the  principle  that  the  higher  boiling  substances  will 
condense  to  liquids  sooner  than  the  lower  boiling  ones  if  their 
vapors  are  sent  through  a  suitable  condenser. 

This  information  may  be  summarized  in  a  list  such  as  that 
given  below.  The  boiling  points  given  refer  to  the  pure  com¬ 
pounds.  You  may  remember  that  mixtures  of  substances  do 
not  boil  at  the  temperature  of  the  pure  substances.  As  a  result, 
some  of  the  compound  which  boils  at  98°  will  vaporize  along 
with  the  compound  which  boils  at  68°.  The  grouping  of  the 
products  is  approximate. 
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A  Few  of  the  Known  Hydrocarbons  with  Their  Boiling  Points 


Name 

Formula 

Boiling 
Point  °C. 

Methane 

ch4 

-161.4  ) 

Ethane 

C2H6 

—  88.3  j 

Propane 

c3h8 

-  44.1  ) 

Butane 

C4h10 

0.6  | 

Pentane 

c5H12 

36.0  J 

Hexane 

c6h14 

68.7 

Heptane 

c7h16 

98.4 

Octane 

c8h18 

125.6 

Nonane 

c9h20 

150.7 

Decane 

Ci0H22 

174.0 

Undecane 

ChH24 

195.8 

Dodecane 

Ci2H26 

216.2 

Tridecane 

c13h28 

234.0 

Tetradecane 

C^Hso 

252.5 

Pentadecane 

c15H32 

270.5 

Hexadecane 

c16h34 

287.5 

Used  for 

Natural  gas 

Butane  gas 
Paint  thinner 

Gasoline 


Kerosene 
Fuel  oil 

Lubricants 

Vaseline 


Paraffin 


Gasoline  Production.  The  best  petroleum  rarely  contains 
more  than  25  percent  of  compounds  which  can  be  used  for 
gasoline.  If  this  were  the  only  source  of  motor  fuel  we  would 
have  to  produce  four  times  as  much  crude  petroleum  as  we 
consume  in  gasoline.  Putting  that  much  crude  petroleum 
through  the  refining  process  would  call  for  the  production  of 
like  amounts  of  kerosene,  fuel  oil,  lubricating  oil,  paraffin,  and 
road  oil.  A  great  excess  of  these  other  products  would  depress 
their  market  value  to  the  extent  that  gasoline  would  have  to  be 
sold  at  a  much  higher  price.  This  information  was  well  known 
to  the  early  gasoline  producers  when  it  looked  as  if  the  auto¬ 
mobile  industry  was  going  to  outrun  the  capacity  for  the  refin¬ 
ing  industry  to  produce  gasoline.  This  threat  furnished  the  in¬ 
centive  for  research  on  the  production  of  greater  amounts  of 
gasoline  from  crude  petroleum.  These  efforts  have  produced 
results  which  are  entirely  satisfactory. 
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Cracking.  In  1869  it  was  discovered  that  the  distillation  of 
high  boiling  petroleum  fractions  under  thirty  to  forty  pounds 
of  pressure  brought  about  the  production  of  lower  boiling 
substances  which  could  be  used  for  burning.  Since  1913  this 
general  process  has  been  employed  for  the  production  of  gaso¬ 
line.  The  first  installation  was  originated  by  Burton  and  bore 
his  name.  It  was  a  simple  pressure  distillation.  There  have  been 
numerous  modifications  of  this  process.  As  the  materials  of 
construction  have  been  improved  it  has  been  possible  to  in¬ 
crease  the  pressure  upon  the  liquid  being  distilled.  The  old 
tank  of  boiling  liquid  has  been  replaced  by  complex  systems 
of  pipes,  like  boiler  tubes.  At  the  present  time  pressures  of 
more  than  1000  pounds  per  square  inch  are  employed.  Tem¬ 
peratures  required  for  the  distillation  have  increased  to  over 
600°  C.  Such  plants  are  able  to  start  with  fuel  oil  and  con¬ 
vert  70  percent  of  it  into  gasoline  suitable  for  the  average 
motor  car. 

The  chemical  changes  which  take  place  during  this  heating 
process  are  best  described  as  decompositions.  Under  the  con¬ 
ditions  it  is  possible  for  some  of  the  decomposition  products 
to  recombine  and  thereby  form  new  substances  which  are 
suitable  for  gasoline.  Such  a  process  has  been  termed  “  crack¬ 
ing.”  Because  it  is  brought  about  by  heat  it  has  lately  been 
called  thermal  cracking.  Such  treatment  of  petroleum  has  led 
to  the  production  of  large  amounts  of  gas  and  much  cokelike 
material.  The  proper  utilization  of  these  has  been  a  problem. 

Since  1913  there  has  been  a  saving  of  13  billion  barrels  of 
crude  oil  just  because  of  the  extra  gasoline  produced  by  crack¬ 
ing.  In  1939  alone  1400  million  barrels  of  crude  oil  were  thus 
conserved.  The  cracking  units  which  brought  about  this  con¬ 
servation  of  our  national  resources  were  built  at  a  cost  of 
$450,000,000.  More  than  half  of  the  gasoline  now  used  has 
been  produced  by  some  process  of  cracking. 

Catalytic  Cracking.  Within  the  past  few  years  there  have 
been  remarkable  developments  in  the  field  of  gasoline  pro¬ 
duction.  Research  workers  now  look  upon  the  cracking  of 
petroleum  products  as  another  chemical  reaction  which  is  af- 
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fected  by  the  presence  of  a  catalyst.  It  has  been  demonstrated 
that  certain  claylike  substances  catalyze  the  cracking  process 
and  bring  about  a  greater  production  of  gasoline.  It  may  well 
be  that  these  catalysts  speed  up  the  formation  of  the  desired 
substances  from  the  broken-down  fragments  of  molecules. 
The  gasoline  produced  is  of  a  much  higher  grade  than  that 
now  used  in  automobiles.  It  is  mixed  with  gasoline  from  the 
thermal  cracking  process  and  thus  improves  the  quality  of 
that  product.  It  is  claimed  that  road  oil  may  be  converted  to 
high-grade  (premium)  gasoline  with  a  yield  of  80  percent. 
This  method,  too,  results  in  the  formation  of  large  amounts 
of  gas. 

Polymer  Gasoline.  Within  the  past  few  years  the  gasoline 
industry  has  learned  how  to  make  the  waste  gases  from  the 
cracking  plants  into  gasoline.  In  the  presence  of  certain  cata¬ 
lysts  such  as  phosphoric  acid,  sulfuric  acid,  aluminum  chlo¬ 
ride,  and  boron  fluoride  some  of  these  small  gas  molecules 
will  combine  to  form  larger  ones.  Much  of  the  gasoline  so 
made  is  suitable  for  airplane  use.  By  the  use  of  refinery  and 
natural  gases  it  is  possible  to  make  a  total  of  300  million  bar¬ 
rels  of  this  gasoline  annually. 

Anti-knock  Gasoline.  Another  means  of  protecting  gaso¬ 
line  reserves  is  to  increase  the  efficiency  of  automobile  engines. 
This  is  usually  done  by  increasing  the  compression  within  the 
cylinder.  Under  such  conditions  the  gasoline  vapors  and  the 
air  within  the  cylinder  are  put  under  tremendous  pressure 
just  prior  to  their  ignition  by  an  electric  spark.  With  ordinary 
gasoline  at  higher  pressures  there  is  an  unpleasant  knock  or 
“ping”  when  the  explosion  occurs.  This  results  in  a  great 
loss  of  power.  To  get  away  from  this  knock  the  gasoline  pro¬ 
ducers  tried  all  sorts  of  things.  Some  of  them  mixed  benzene, 
from  coal  tar,  with  their  product;  others  mixed  the  cracked 
gasoline  with  that  produced  by  straight  distillation.  For  some 
unknown  reason  each  of  these  mixtures  produced  less  knock 
in  an  automobile  engine  than  did  the  straight-run  gasoline. 
One  group  of  investigators  experimented  with  the  use  of  vola¬ 
tile  metallic  compounds.  Out  of  this  work  came  tetraethyl  lead 
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(Pb  (CoH5)  4) ,  or  ethyl  fluid,  which  is  now  in  general  use.  Only 
a  very  small  amount  of  this  substance  is  added  to  gasoline  in 
order  to  eliminate  most  of  the  knock.  Unfortunately,  it  is 
extremely  poisonous  and  offers  a  considerable  hazard  to  those 
who  make  it  and  to  those  who  blend  it  with  gasoline. 

It  is  not  enough  to  know  how  to  get  rid  of  the  knock  in  an 
engine.  It  is  much  more  important  to  know  what  causes  it. 
Those  interested  in  these  investigations  have  measured  the 
pressures  in  the  cylinders,  before,  during,  and  after  the  ex¬ 
plosion  of  the  fuel.  They  have  changed  the  design  of  the 
combustion  chamber.  Someone  suggested  the  use  of  a  glass 
head  in  the  cylinders  so  that  they  could  see  what  took  place. 
Through  such  a  head  they  took  high-speed  moving  pictures 
of  the  burning  fuel  in  an  engine  running  with  ordinary  gaso¬ 
line  and  then  with  anti-knock  gasoline.  They  began  to  see 
the  cause  for  the  knock.  Ordinary  gasoline  in  a  high  com¬ 
pression  engine  burns  almost  all  at  once.  The  introduction 
of  anti-knock  material  causes  it  to  burn  much  more  slowly. 
Hence  the  piston  is  given  a  push  in  place  of  a  sledge-hammer 
blow.  Lead  tetraethyl  retards  the  combustion  and,  as  you  may 
expect,  it  is  called  a  negative  catalyst.  Its  effect  on  the  rate  of 
combustion  is  partially  determined  by  the  composition  of  the 
gasoline. 

Octane  Number.  In  the  search  for  information  about  which 
fuels  produce  a  knock  it  was  discovered  that  a  substance  known 
as  iso-octane  produced  almost  no  knock  in  any  ordinary  en¬ 
gine.  Another  substance,  heptane ,  appeared  to  be  the  worst. 
By  the  use  of  mixtures  of  these  two  substances  it  was  possible 
to  set  up  a  series  of  standards  of  anti-knock  values.  Pure  hep¬ 
tane  was  given  a  rating  of  0,  while  iso-octane  was  given  a  rat¬ 
ing  of  100.  So-called  “  low  test  ”  or  “  plain  ”  gasoline  which 
knocks  like  a  mixture  of  60  parts  of  iso-octane  with  40  parts 
of  heptane  in  a  standard  engine  is  said  to  have  an  octane  num¬ 
ber  of  60.  Regular  gasoline  has  an  octane  number  of  72  to  74 
though  this  varies  and  is  being  raised  by  some  manufacturers. 
The  trade-marked  “  ethyl  ”  gasoline  has  a  rating  of  80  to  82. 
Any  fuel  which  knocks  worse  than  heptane  is  given  a  rating 
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less  than  zero  and  any  fuel  knocking  less  than  iso-octane  is 
given  a  rating  greater  than  100. 

Most  of  the  gasoline  sold  today  contains  lead  tetraethyl. 
Though  it  is  not  branded  with  the  ethyl  name  it  must  be  han¬ 
dled  in  equipment  which  states  that  it  contains  lead.  The  addi¬ 
tion  of  this  ethyl  fluid  to  gasoline  is  equivalent  to  raising  the 
octane  number  of  the  fuel.  It  becomes  a  question  as  to  how 
much  ethyl  fluid  a  person  can  afford  to  pay  for.  There  is  a 
limit  to  the  response  obtained  from  higher  octane  gasoline  as 
used  in  an  ordinary  engine.  Unless  the  engine  has  a  very  high 
compression  it  is  probably  more  economical  to  use  the  regular 
grade  of  gasoline. 

The  refineries  have  seen  millions  of  dollars  pass  from  the 
consumers  into  the  hands  of  those  who  prepare  ethyl  fluid. 
This,  as  a  rule,  represents  a  premium  price  which  motorists  are 
willing  to  pay.  Any  process  by  which  the  refiners  can  raise 
the  octane  number  of  their  gasoline  will  mean  premium  profits 
to  themselves.  You  may  rest  assured  that  they  have  not  been 
asleep.  The  cracking  process  produces  a  gasoline  with  an  oc¬ 
tane  number  greater  than  that  of  straight-run  gasoline.  More 
than  one  fourth  of  the  gasoline  produced  by  distillation  of 
petroleum  is  run  through  a  cracking  process  in  order  to  bring 
its  octane  number  up.  The  thermal  process  of  cracking  when 
applied  to  gasoline  will  raise  the  octane  rating  to  about  70. 
The  gasoline  from  catalytic  cracking  may  have  an  octane 
number  as  high  as  90  though  80  is  probably  the  average. 
Polymer  gasoline  produced  by  catalytic  union  of  the  small 
molecules  of  gases  may  have  an  octane  number  of  90  to  100. 
If  these  are  mixed  with  poorer  gasoline  it  will  give  a  satisfac¬ 
tory  fuel  for  automobiles.  The  refiner  must  decide  whether  to 
bring  the  octane  number  of  his  product  to  an  acceptable  value 
by  the  use  of  ethyl  fluid  or  by  the  use  of  these  higher  octane 
gasolines.  At  the  present  time  they  combine  the  two  except 
in  a  few  cases. 

Aviation  Gasoline.  In  1928  the  average  military  airplane 
used  gasoline  with  an  octane  rating  of  about  60.  In  1931  this 
was  raised  to  87.  Those  planes  which  were  designed  for  the 
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new  fuel  were  able  to  give  33  percent  more  power  per  unit 
of  weight.  Many  planes  now  in  use  are  able  to  use  100-octane 
fuel  and  they  show  another  30  percent  increase  in  power  over 
those  using  87-octane  gasoline.  Translated  into  actual  figures 
it  is  claimed  that  a  plane  using  100-octane  fuel  is  able  to  take 
off  in  20  percent  less  distance,  and  can  climb  40  percent  faster 
than  one  using  87-octane.  In  the  case  of  a  transport  plane 
these  facts  mean  money.  The  plane  using  the  higher  octane 
fuel  on  a  1400-mile  flight  can  carry  1200  pounds  less  gaso¬ 
line  and  take  on  seven  more  passengers,  or  their  freight  or 
mail  equivalent.  If  we  look  at  war  in  the  light  of  reality 
we  may  see  what  this  means  in  terms  of  effectiveness  for  the 
bomber.  The  fighting  plane  which  can  maneuver  rapidly  has 
an  advantage.  The  use  of  high  quality  aviation  fuel  means  a 
more  perfect  air  defense,  the  winning  of  aerial  battles,  and  a 
greater  safety  for  the  fliers. 

The  United  States  is  far  ahead  in  the  production  of  aviation 
gasoline.  By  treating  certain  of  the  refinery  gases  together 
with  certain  natural  gases  with  suitable  catalysts,  blending  the 
products  and  adding  some  ethyl  fluid,  it  is  possible  to  produce 
about  6000  million  gallons  of  100-octane  gasoline  annually. 
It  is  claimed  that  the  oil  industry  of  this  country  will  be  able 
to  supply  enough  of  this  high-grade  fuel  to  meet  the  entire 
civil  and  military  needs  of  the  world.  The  refiners  fully  ex¬ 
pect  the  use  of  this  fuel  in  automobiles  in  the  not  too  distant 
future.  In  the  light  of  recent  trends  their  claims  and  expecta¬ 
tions  are  probably  correct. 

Petroleum  in  the  Future.  Within  recent  years  it  has  been 
proposed  by  experts  that  petroleum  is  being  formed  all  of 
the  time.  Our  present  methods  of  conservation  and  utiliza¬ 
tion  are  helping  greatly  to  maintain  our  known  reserves.  It 
is  claimed  that  we  should  have  ample  petroleum  to  meet  all 
of  our  needs  for  thousands  of  years  to  come.  To  sit  idle  and 
trust  in  this  seeming  everlasting  supply  would  be  folly.  Other 
fuel  sources  are  being  sought.  There  are,  for  example,  enor¬ 
mous  amounts  of  oil-bearing  shale  all  over  the  world.  If  the 
price  of  petroleum  gets  high  enough  these  deposits  will  be 
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dug  up  and  their  oil  distilled  out.  We  have  already  mentioned 
the  use  of  alcohol  as  a  possible  substitute  in  motor  cars. 

Liquids  from  Coal.  The  first  practical  production  of  liquid 
hydrocarbons  from  coal  was  accomplished  by  Bergius  in  Ger¬ 
many  in  1924.  He  was  able  to  treat  coal  with  some  oil  and 
hydrogen  and  get  gasoline-like  liquids  from  it.  This  process 
has  been  improved  since  then,  and  there  are  now  plants  which 
produce  motor  fuel  on  a  large  scale,  although  they  may  have 
been  blown  up  by  bombs  by  the  time  this  is  in  print.  In  gen¬ 
eral,  the  coal  is  crushed  to  a  powder  and  made  into  a  paste 
with  heavy  oil  and  a  catalyst  such  as  tin  or  lead.  It  is  pumped 
with  hydrogen  at  4000  pounds  pressure  into  a  heater  where  the 
temperature  is  raised  to  400°  to  480°  C.  for  two  hours  or  more. 
The  gaseous  products  which  distill  are  treated  at  the  same 
temperature  and  pressure  with  additional  hydrogen  in  the 
presence  of  more  catalyst.  The  yield  of  the  process  is  about 
170  gallons  of  motor  fuel  for  each  ton  of  dry  coal  used.  This 
amount  of  coal  uses  up  48,000  cubic  feet  of  hydrogen  in  its 
treatment. 

That  the  process  is  expensive  there  can  be  no  doubt.  It 
exists  by  reason  of  a  protective  tariff.  One  plant  at  Leuna,  in 
Germany,  has  an  output  of  250,000  tons  of  motor  fuel  an¬ 
nually.  At  the  present  time  this  process  is  not  able  to  com¬ 
pete  on  a  cost  basis  with  petroleum  in  the  United  States. 

Comparison  of  Fuel  Values.  It  will  be  of  interest  to  com¬ 
pare  the  fuel  values  of  the  various  types  of  fuel  which  we  have 
discussed.  These  are  listed  below.  The  usual  method  of  list¬ 
ing  these  is  in  terms  of  British  Thermal  Units.  This  is  the 
amount  of  heat  required  to  raise  one  pound  of  water  1°  F. 
It  takes  approximately  4  British  Thermal  Units  (B.T.U.)  to 
equal  1000  calories. 


Comparative  Heat  Values  of  Fuels 


Name  of  Fuel 


B.T.U.  per  powid 


Wood,  dried  .  . . 

Coke  . 

Coal,  anthracite 
Coal,  bituminous 


8,000 

12,900 

13,500 

14,400 


SUMMARY 
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Name  of  Fuel 

Fuel  oil  . 

Kerosene . 

Producer  gas  . 

Water  gas . 

Coal  gas . 

Natural  gas . 


B.T.U.  per  pound 
18,500 
20,000 


156  per  cubic  foot 
300  per  cubic  foot 
600  per  cubic  foot 
1,100  per  cubic  foot 


From  this  you  may  see  that  it  will  pay  to  consider  the  price 
of  fuels  in  terms  of  their  relative  heating  values.  Such  consid¬ 
eration  is  the  only  sound  basis  for  the  expenditure  of  money 
for  heat. 


SUMMARY 

Because  of  inefficiencies  the  best  coal-burning  power  sta¬ 
tions  are  able  to  utilize  only  a  third  of  the  heat  value  of  the 
coal  which  they  consume. 

Coke  is  made  by  the  wasteful  beehive  method  and  by  the 
by-product  method.  The  latter  was  brought  into  use  to  con¬ 
serve  the  gas,  tar,  and  ammonia  obtained  during  the  coking 
process.  Most  of  the  coke  is  now  made  in  by-product  ovens. 

Coal  tar  is  a  source  of  valuable  chemical  compounds.  These 
in  turn  are  useful  in  the  preparation  of  many  other  com¬ 
pounds.  Coal  gas  is  a  useful  fuel. 

Much  of  the  waste  of  natural  gas  is  being  eliminated  by 
sending  it  through  pipes  to  cities.  Its  use  in  power  production 
is  increasing. 

Fuel  gases  may  be  produced  from  coal  or  coke  by  the  pro¬ 
ducer  gas  method  or  by  the  water  gas  method.  Producer  gas 
should  be  used  as  it  is  made  because  it  is  hot.  Much  manufac¬ 
tured  gas  is  a  combination  of  these  two  kinds  of  gas. 

Petroleum  is  composed  of  hydrocarbons.  The  use  of  par¬ 
ticular  hydrocarbons  depends  upon  their  volatility  which  in 
turn  is  partly  determined  by  their  molecular  weight.  Petro¬ 
leum  refining  brings  about  the  partial  separation  of  these  hy¬ 
drocarbons  into  fractions  with  suitable  volatility. 

Much  gasoline  is  produced  by  cracking  the  high-boiling 
fractions.  This  is  done  by  thermal  and  catalytic  methods.  Much 
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crude  petroleum  is  thus  conserved.  Natural  and  refinery  gases 
are  now  made  to  combine  to  produce  polymer  gasoline. 

The  knock  in  an  engine  is  produced  by  the  too  rapid  burn¬ 
ing  of  the  fuel  in  the  cylinder.  This  may  be  decreased  by  mix¬ 
ing  benzene,  cracked  gasoline,  polymer  gasoline,  or  lead  tetra¬ 
ethyl  with  the  gasoline  ordinarily  used.  The  anti-knock  value 
of  a  gasoline  is  based  upon  mixtures  of  iso-octane  and  heptane. 
It  is  called  the  octane  number. 

The  production  of  high  anti-knock  gasoline  is  now  a  ques¬ 
tion  of  equipment  and  engine  design.  The  petroleum  industry 
is  able  to  keep  ahead  of  the  demand.  Airplanes  may  use  100-oc¬ 
tane  fuel  with  greatly  increased  power  and  efficiency. 

Germany  uses  coal  as  a  source  of  motor  fuel.  It  is  produced 
by  a  process  of  hydrogenation. 

REVIEW  QUESTIONS 

1.  Compare  the  beehive  and  by-product  methods  of  coke 
production.  What  is  the  advantage  of  one  over  the  other? 

2.  List  the  products  obtained  from  the  by-product  oven. 

3.  What  principal  products  are  obtained  from  the  distillation 
of  coal  tar?  Give  their  chief  uses. 

4.  Why  do  the  substances  obtained  from  coal  tar  have  such 
value  to  the  chemist? 

5.  Why  do  we  consider  it  wasteful  to  produce  much  needed 
carbon  black  by  the  incomplete  combustion  of  natural  gas? 

6.  What  substances  make  up  natural  gas?  Give  their  chemical 
formulas. 

7.  Outline  two  methods  for  the  production  of  fuel  gas  from 
coke. 

8.  Write  the  chemical  equations  for  the  changes  involved  in 
your  reply  to  question  7.  On  the  basis  of  the  equations  show 
which  should  be  the  better  method. 

9.  Why  do  we  notice  such  a  vile  odor  when  manufactured  gas 
escapes  from  the  kitchen  stove? 

10.  By  what  general  process  are  the  various  products  obtained 
from  petroleum? 

11.  What  determines  the  use  to  which  various  petroleum  frac- 
tions  may  be  put? 
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12.  If  you  know  the  boiling  point  range  of  a  petroleum  frac¬ 
tion  can  you  make  a  good  guess  as  to  the  molecular  weights  of 
the  molecules  in  the  fraction? 

13.  List  the  common  petroleum  products  and  give  the  approxi¬ 
mate  composition  of  each. 

14.  What  appears  to  be  the  general  method  of  naming  hydro¬ 
carbons? 

15.  What  difference  do  you  notice  in  the  formulas  of  the 
hydrocarbons  as  you  go  from  the  smallest  molecules  to  those 
larger? 

16.  What  methods  are  used  to  increase  the  gasoline  yield  of 
petroleum?  How  are  they  carried  out  and  what  is  their  economic 
effect? 

17.  What  do  we  mean  by  polymer  gasoline?  Do  you  see  any 
connection  with  the  true  meaning  of  the  word  polymer? 

18.  What  is  the  immediate  cause  of  the  knock  in  an  engine? 

19.  What  is  ethyl  fluid?  What  sort  of  catalyst  is  it? 

20.  What  is  the  basis  of  octane  numbers?  Inquire  as  to  the 
octane  rating  of  the  three  types  of  gasoline  sold  at  a  nearby  serv¬ 
ice  station. 

21.  What  do  we  mean  by  straight-run  gasoline?  How  may  its 
octane  number  be  improved  without  the  use  of  ethyl  fluid? 

22.  What  is  the  advantage  of  high-octane  gasoline  for  airplanes? 

23.  What  is  the  general  process  for  the  production  of  liquids 
from  coal? 

24.  It  requires  two  tons  of  bituminous  coal  to  heat  a  certain 
house  for  a  month.  The  price  of  coal  is  $6  per  ton.  The  price  of 
natural  gas  is  $0.60  per  thousand  cubic  feet.  If  the  efficiency  of 
burning  coal  is  30  percent  and  that  of  gas  is  85  percent  calculate 
the  comparative  costs  of  the  two  fuels.  You  may  substitute  the 
particular  figures  for  your  own  city. 
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In  previous  discussions  we  have  mentioned  a  few  of  the 
compounds  of  carbon  and  hydrogen  which  are  called  hydro¬ 
carbons.  Some  of  these  are  found  in  petroleum,  and  others  are 
the  products  of  coal  distillation.  We  have  implied  that  these 
hydrocarbons  are  extremely  important.  Actually,  though,  their 
real  importance  is  almost  beyond  comprehension.  If  we  con¬ 
sider  them  as  fuels  only,  we  may  say  they  are  worth  so  much 
money  per  ton.  However,  it  is  not  so  easy  as  this  to  assign  a 
value.  Now  that  we  have  them  in  chemical  plants  and  drug 
stores,  we  can  buy  them  or  sell  them  for  certain  amounts.  But 
there  are  many  things  produced  from  them  that  could  be  had 
only  at  very  high  prices,  or  not  at  all,  if  we  could  not  take 
advantage  of  research  knowledge  and  new  processes  in  treat¬ 
ing  the  hydrocarbons  as  chemical  compounds.  Because  of  thou¬ 
sands  upon  thousands  of  painstaking  experiments  which  have 
been  performed  during  the  past  hundred  years,  this  knowl¬ 
edge  and  these  processes  have  increased  to  the  point  where 
we  are  just  now  beginning  to  realize  the  tremendous  value 
which  these  hydrocarbons  have.  Petroleum  refineries  are  find¬ 
ing  themselves  being  pushed  into  the  manufacture  of  syn¬ 
thetic  organic  chemicals  from  products  which  were  thrown 
out  on  the  slag  heap  or  poured  down  the  drains  as  waste  only 
a  few  years  ago.  You  may  recall  that  the  original  production 
of  coke  from  coal  resulted  in  the  loss  of  many  valuable  by¬ 
products  which  were  either  burned  or  thrown  away.  A  sim¬ 
ilar  thing  has  been  going  on  in  the  petroleum  refinery. 

Compounds  of  Carbon  Are  Complex.  Thus  far  our  discus¬ 
sions  have  centered  around  things  such  as  water,  salt,  sand,  and 
sulfur  which  we  class  together  as  being  inorganic.  By  this  we 
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mean  that  they  are  not  produced  by  the  processes  of  organ¬ 
ized  life.  The  carbon  compounds,  on  the  other  hand,  were  first 
obtained  from  things  then  alive  or  that  had  been  alive.  Because 
of  this  they  have  been  called  organic  and  the  name  is  still  used 
even  though  these  same  compounds  may  be  produced  in  the 
chemical  laboratory  without  the  use  of  plants  or  animals. 

Most  of  the  inorganic  compounds  which  we  have  studied 
are  made  up  of  relatively  small  molecules.  These  have  been 
found  to  take  part  in  a  few  general  types  of  chemical  reac¬ 
tions.  Some  of  these  inorganic  substances  are  necessary  for 
the  proper  growth  of  plants,  animals,  and  human  beings  but  the 
live  growth  itself  involves  organic  compounds.  As  a  rule, 
the  organic  compounds  are  far  more  complex  than  are  the 
inorganic  compounds,  and  the  chemical  reactions  which  they 
may  undergo  are  sometimes  extremely  complicated. 

The  chief  reason  for  the  complex  nature  of  organic  com¬ 
pounds  lies  in  the  fact  that  carbon  atoms  may  unite  with 
atoms  of  other  elements,  and,  at  the  same  time,  they  may  also 
unite  with  other  carbon  atoms  which  also  have  united  with 
atoms  of  other  elements.  This  permits  the  formation  of  large 
molecules  which  may  contain  a  considerable  number  of  dif¬ 
ferent  elements.  Now  this  could  be  and  could  continue  to  stay 
very  confusing.  But  scientists  have  orderly  minds.  They  can¬ 
not  stand  confusion  and  muddling.  Hence  in  order  that  the 
organic  chemist  may  approach  his  work  with  intelligence,  sci¬ 
entists  have  classified  the  information  which  has  been  col¬ 
lected  over  the  years.  As  in  all  chemistry,  the  most  simple 
classification  of  these  chemical  reactions  depends  upon  the 
elements  which  are  present  in  the  organic  compound. 

Hydrocarbons.  The  simplest  organic  compounds  known 
are  those  containing  carbon  and  hydrogen  only.  These  are 
always  called  hydrocarbons.  Because  of  the  ability  of  carbon 
atoms  to  unite  with  each  other  and  with  other  elements  at  the 
same  time,  we  find  that  there  are  many  thousands  of  these 
hydrocarbons  known,  listed  and  classified.  Without  doubt 
there  are  still  many  others  which  have  never  yet  been  ob¬ 
tained  in  pure  form.  Now  let  us  observe  how  the  chemist  ap- 
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proaches  the  problem  of  putting  his  stock  of  hydrocarbons 
in  order. 

We  have  already  mentioned  methane  (CH4),  ethane 
(C2Hg),  propane  (C3H8),  and  butane  (C4Hi0),  which  occur 
in  natural  gas.  These  are  the  more  simple  compounds  of  car¬ 
bon  and  hydrogen.  In  the  preceding  chapter  we  have  listed 
these  and  other  hydrocarbons  having  molecules  which  are 
larger.  An  inspection  of  the  formulas  given  will  show  that 
the  molecules  of  these  substances  differ  from  each  other  by 
CH2  as  we  go  down  the  list.  These  formulas  have  been  ob¬ 
tained  by  chemical  analyses  as  outlined  in  Chapter  7.  All 
of  these  substances  are  classed  together  in  what  we  call 
a  homologous  series.  This  particular  homologous  series  is 
known  as  the  methane  series.  There  are  other  homologous 
series  also  and  we  find  that  they,  too,  differ  in  their  for¬ 
mulas  by  CH2.  Since  it  is  impossible  to  see  the  individual  mole¬ 
cules  of  hydrocarbons  we  must  depend  upon  what  we  shall 
term  their  chemical  properties  in  order  to  list  them  in  these 
series. 

Saturated  Hydrocarbons.  The  hydrocarbons  of  the  meth¬ 
ane  series  do  not  take  part  in  ordinary  chemical  reactions. 
Methane  itself  will  not  combine  with  oxygen  unless  it  is 
burned.  The  higher  boiling  liquids  are  purified  by  treatment 
with  concentrated  sulfuric  acid.  We  know  that  ordinary  lu¬ 
bricating  oil  must  be  very  resistant  to  union  with  oxygen  even 
when  quite  hot  because  it  certainly  gets  hot  enough  to  be  de¬ 
stroyed  if  it  did  unite  with  oxygen  in  the  automobile  engine. 
A  highly  purified  hydrocarbon  mixture  is  sold  as  “  Nujol.”  It 
is  odorless  and  tasteless  and  is  used  as  an  intestinal  lubricant 
since  it  passes  through  the  digestive  tract  unchanged  by  either 
body  heat  or  digestive  juices.  Because  of  this  relative  chemi¬ 
cal  inactivity  these  hydrocarbons  are  called  “  paraffins,”  a 
name  which  indicates  that  they  have  “  little  affinity  ”  for 
other  things. 

A  possible  reason  for  the  inert  nature  of  these  hydrocarbons 
is  obtained  by  a  consideration  of  their  formulas.  Let  us  now 
write  out  the  formula  for  methane  and  consider  how  its  mole- 
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cules  may  be  put  together.  Since  one  carbon  is  united  with 
four  hydrogens  we  may  assume  that  the  hydrogen  atoms  are 
spaced  around  the  carbon  atom. 

H 

I 

H— C— H 


H 


We  like  to  think  of  the  carbon  atom  as  being  a  small  globe 
and  then  we  like  to  think  of  the  hydrogen  atoms  as  being  at¬ 
tached  to  the  carbon  atom  at  equal  distances  from  each  other. 
The  resulting  molecule,  of  course,  occupies  three  dimensions 
though  we  can  represent  only  two  of  these  on  a  flat  sheet  of 
paper. 

When  we  discussed  the  formation  of  sodium  chloride 
(Chapter  14)  that  change  was  represented  as  involving  a 
transfer  of  electrons  from  an  atom  of  sodium  to  an  atom  of 
chlorine.  Sodium  chloride  has  been  found  to  exist  as  ions. 

Methane,  however,  gives  no  ions  at 
all,  and  hence  we  cannot  assume  that 
it  was  formed  in  the  same  way  that 
sodium  chloride  was  formed.  Faced 
by  this  difficulty,  the  chemist  had  to 
create  a  new  picture  that  would  fit. 
Let  us  look  at  his  concept  of  the  car¬ 
bon  atom.  From  its  position  in  the 
periodic  table  (in  the  center  of  the 
top  row)  we  would  expect  carbon 
to  have  four  electrons  which  are 
available  to  act  as  valence  electrons 
(Chapter  14) .  The  carbon  atom  may  either  give  up  four  elec¬ 
trons  or  take  up  four  electrons  to  form  a  stable  configuration. 
If  it  gives  up  four  electrons  it  will  look  like  a  helium  atom  and 
if  it  takes  up  four  electrons  it  will  look  like  a  neon  atom.  Since 
this  balance  would  probably  result  in  equal  tendencies  to  lose 
and  to  gain  electrons  we  assume  that  carbon  just  shares  its  elec- 


Fig.  95.  Structure  of  Car¬ 
bon  Atom 
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trons  when  it  reacts  with  other  atoms.  It  may  be  recalled  that 
we  term  this  covalence.  The  simple  molecule  of  methane 
(CH4)  may  then  be  written  as  shown  in  the  figure.  Remember 
that  the  small  circle  represents  the  atom  nucleus. 


Fig.  96.  Structure  of  Methane  Molecule 


In  this  figure  the  hydrogen  atoms  furnish  one  electron  each 
to  be  shared  with  the  carbon.  An  electron  from  the  carbon 
atom  is  also  shared  by  each  hydrogen  atom.  The  two  electrons 
give  hydrogen  a  stable  pair  like  helium  and  the  carbon  has  its 
stable  eight  electrons  like  neon.  We  can  write  this  formula 
more  simply  if  we  let  the  symbol  of  the  element  represent 
all  of  the  atom  except  the  outer  electrons.  Thus,  for  carbon 

we  may  write  *C  •  and  for  hydrogen  H\  The  molecule  of 

H 

methane  may  then  be  represented  as  H :  C :  H 

H 
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The  attractive  forces  between  the  atoms  within  the  methane 
molecule  must  be  great  since  the  molecule  sticks  tightly  to¬ 
gether.  Because  it  sticks  together  so  firmly  it  has  but  little  tend¬ 
ency  to  react  with  other  things.  The  combining  number 
(valence)  of  carbon  is  four.  We  can  see  that  if  any  other 
element  were  to  combine  with  methane  it  would  have  to  dis¬ 
place  a  hydrogen  atom  first.  Those  hydrocarbons  which  are  so 
chemically  satisfied  are  said  to  be  saturated.  We  must  not, 
however,  assume  that  all  hydrocarbons  are  so  fully  satisfied 
and  so  strongly  knit  together  as  methane.  We  shall,  in  fact, 
soon  discuss  some  hydrocarbons  which  will  easily  react  with 
chemical  reagents  and  they  are  said  to  be  unsaturated. 

Now  let  us  apply  these  ideas  to  some  other  hydrocarbons. 
We  mentioned  that  ethane  (C2H6)  occurs  in  natural  gas.  This 
may  be  written  as 


H  H 

H:  C:  C:H  or 
H  H 


H  H 

i  i 

H— C— C— H  . 

I  I 

H  H 


After  we  have  once  written  out  a  formula  to  show  the  elec¬ 
trons  we  may  let  a  short  straight  line  represent  a  pair  of  shared 
electrons  as  is  done  on  the  right.  In  order  for  ethane  to  react 
with  anything  else,  it  would  first  have  to  lose  a  hydrogen  atom 
or  the  two  carbon  atoms  would  have  to  split  apart. 

The  third  member  of  the  series  which  also  occurs  in  natural 
gas  is  called  propane  (C3H8).  The  formula  for  this  may  also 
be  written  in  two  ways. 


H  H  H 

H :  C :  C :  C :  H  or 
H  H  H 


H  H  H 

i  i  i 

H— C— C— C— H 

I  I  I 

H  H  H 


We  may  continue  to  write  the  formulas  of  other  “  paraffin  ” 
hydrocarbons  in  this  way.  The  string  of  carbon  atoms  tied 
together  is  called  a  “  chain.”  Sometimes  this  chain  runs  to 
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great  length  as  in  one  known  compound  which  has  60  links  of 
carbon  atoms  united. 

Isomers.  During  the  progress  of  hundreds  of  laboratory  ex¬ 
periments  chemists  work  patiently  and  endlessly  to  get  sub¬ 
stances  which  are  as  pure  as  it  is  humanly  possible  to  make 
them.  To  be  sure  of  their  purity  it  is  usual  for  them  to  make 
an  accurate  analysis  of  the  new  stuff  which  is  checked  against 
the  analysis  of  the  pure  compound.  Chemists  have  carried  on 
work  of  this  kind  with  the  hydrocarbons  present  in  petroleum. 
You  can  imagine,  then,  the  bewilderment  of  a  laboratory 
worker  when  he  discovered  by  his  analysis  that  there  were 
two  compounds  with  the  formula  C4H10.  These  two  were 
both  pure  substances.  They  were  almost  alike  in  their  proper¬ 
ties.  But  their  boiling  points  were  definitely  different.  Further 
investigation  showed  that  petroleum  also  contains  three  sub¬ 
stances  with  the  formula  C5Hi2,  and  five  substances  with  the 
formula  C6H14.  It  is  queer  things  of  this  sort  which  whip  the 
life  of  a  chemist  into  both  the  keenest  interest  and  occasional 
despair. 

At  first  it  seemed  impossible  that  there  could  be  two  or 
more  hydrocarbons  with  the  same  formula.  A  satisfactory  ex¬ 
planation  was  finally  found,  however,  by  a  careful  consider¬ 
ation  of  how  the  molecules  may  be  put  together  (their  struc¬ 
ture).  The  ordinary  way  of  writing  the  structure  of  C4H10 
(butane)  is  to  put  all  of  the  carbon  atoms  together  in  a  so- 
called  “  straight  chain.” 


H  H  H  H 

i  i  i  i 

H — C — C — C — C — H  (normal  butane) 

I  I  I  i 

H  H  H  H 

also  written  CH3CH2CH2CH3 

It  occurred  to  someone  years  ago,  however,  that  the  carbon 
and  hydrogen  atoms  may  be  arranged  in  a  different  way.  It  is 
possible  to  write  this  with  a  branched  chain  in  which  more 
than  two  carbon  atoms  are  linked  to  another  carbon  atom. 
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H  H  H 


H— C— C— C— H  (isobutane) 


H 


H 


H— C— H 


H 

also  written  CH3CH(CH3)CH3 


There  is  no  other  arrangement  which  can  be  given  to  this  for¬ 
mula.  The  two  formulas  given  should  represent  two  differ¬ 
ent  substances  having  the  same  chemical  composition.  Since 
there  are  actually  two  different  butanes  known,  it  begins  to 
look  as  if  there  may  be  something  to  this  sort  of  thing. 

Now  let  us  apply  this  same  method  of  shifting  atoms  around 
to  the  pentanes  (C5H12)  which  have  been  discovered.  One  of 
these  may  have  a  straight  chain  molecule. 


H  H  H  H  H 

i  i  i  i  i 

H — C — C — C — C — C — H  (normal  pentane) 

I  I  I  I  I 

H  H  H  H  H 


also  written  CH3CH2CH2CH2CH3 


Another  pentane  may  have  four  carbon  atoms  in  a  row  and 
the  fifth  branched  off. 

H  H  H  H 


H— C— C— C— C— H 


H  H 


H 


H— C— H 


H 

also  written  CH3CH2CH(CH3)< 


(isopentane) 


Still  another  pentane  may  have  two  crossed  chains  of  three 
carbon  atoms  each.  This  molecule  is  peculiar  in  that  one  of  the 
carbon  atoms  is  attached  only  to  other  carbon  atoms. 
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H 


H— C— H 
H  H 

I  I 

H — C — C — C — H  (neopentane) 


H 

H- 


H 

-H 


H 

also  written  CH3C(CH3)2CH3 


Since  there  are  only  three  compounds  known  with  the  for¬ 
mula  C5H12  it  seems  possible  that  our  system  may  be  correct. 

This  same  idea  may  be  applied  to  the  hexanes  which  have 
the  formula  C6H14.  This  may  be  written  in  just  five  different 
arrangements,  and  there  are  just  five  different  hexanes  known. 
From  all  of  this  we  are  able  to  say  that  the  way  in  which  a 
molecule  of  a  substance  is  put  together  has  something  to  do 
with  its  properties.  As  the  number  of  carbon  atoms  increases, 
the  number  of  possible  arrangements  of  the  atoms  within  the 
molecules  increases  at  a  tremendous  rate.  For  example,  it  is  cal¬ 
culated  that  there  are  more  than  100,000  different  structures 
possible  for  C20H42.  A  few  of  these  are  known,  and  they  occur 
in  the  common  paraffin  which  we  as  children  used  to  chew 
like  gum  and  which  our  mothers  used  to  seal  glasses  and  jars 
of  jellies  against  air,  dust,  and  bacteria. 

Compounds  which  have  the  same  formula,  yet  are  differ¬ 
ent  because  of  the  way  in  which  the  molecules  are  put  to¬ 
gether ,  are  called  isomers. 

Unsaturated  Hydrocarbons.  In  the  production  of  gasoline 
by  the  cracking  of  petroleum,  there  is  another  type  of  hydro¬ 
carbon  produced  which  seems  to  be  quite  different  from  the 
saturated  ones.  The  simplest  one  of  these  has  the  formula 
C2H4.  No  one  has  ever  been  able  to  isolate  a  hydrocarbon  with 
the  formula  CH2.  The  substance  C2H4  is  a  gas  known  as  ethy¬ 
lene.  It  is  finding  a  wide  use  in  medicine  as  an  anesthetic  in 
place  of  ether.  Ethylene  is  being  employed,  too,  by  fruit 
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growers  and  shippers  because  it  causes  fruits  such  as  oranges 
and  bananas  to  take  on  an  even  yellow  color.  These  fruits, 
shipped  green,  are  usually  transported  in  freight  cars  or  stored 
in  rooms  containing  ethylene  so  that  they  will  present  a  bet¬ 
ter  appearance  for  sale.  This  practice  is  not  at  all  objection¬ 
able  since  these  fruits  ripen  before  their  skins  turn  yellow. 
At  such  a  stage  they  are  still  firm  enough  to  resist  damage  due 
to  handling.  If  kept  until  they  naturally  turn  uniformly  yel¬ 
low  quite  a  loss  due  to  overripe  fruit  will  be  taken  by  the 
dealers.  If  the  family  can  buy  these  fruits  in  their  early  stage 
of  ripening  it  means  less  losses  for  them  also  because  of  greater 
keeping  qualities. 

Ethylene  is  very  reactive  chemically.  It  combines  rapidly 
with  sulfuric  acid,  hydrochloric  acid,  or  chlorine.  In  the  pres¬ 
ence  of  a  catalyst  such  as  powdered  nickel,  ethylene  will  re¬ 
act  with  hydrogen  to  form  ethane. 

C2H4  +  h2  ->  c2h6 

Because  of  this  chemically  unsatisfied  nature  of  ethylene  it  is 
said  to  be  unsaturated.  It  seems  as  if  part  of  the  valences  of  the 
carbon  atoms  have  not  been  used  in  holding  the  molecule  to¬ 
gether. 

We  tried  to  account  for  the  chemical  inactivity  of  the  satu¬ 
rated  hydrocarbons  by  considering  the  structure  of  their  mole¬ 
cules.  Now  let  us  try  to  explain  to  our  satisfaction  the  great 
chemical  activity  of  ethylene  by  the  same  method.  In  ethy¬ 
lene  molecules  there  are  two  carbon  atoms  and  four  hydro¬ 
gen  atoms  which  must  be  arranged  together.  Each  carbon 
atom  has  four  external  or  valence  electrons,  and  each  hydro¬ 
gen  atom  has  one.  If  we  try  to  write  the  electronic  structure 
we  get  something  like  this: 

H  H 

H:  C :  C:  H 

Each  carbon  atom  has  an  extra  electron  which  is  not  shared 
with  another  atom,  and,  at  the  same  time,  each  carbon  atom 
needs  an  additional  electron  to  make  up  the  required  eight  elec- 
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trons.  Suppose  we  let  each  carbon  atom  help  the  other  out 
by  sharing  these  extra  electrons.  We  then  may  write  the 
structure  as: 

H  H 

H:  cj  C:  H 

This  may  also  be  written  as: 

H  H 

i  i 

H— C  =  C— H 

We  may  now  explain  the  great  reactivity  of  ethylene  by  as¬ 
suming  that  it  may  exist  in  either  of  the  two  forms. 

H  H  H  H 

H :  C  j  C :  H  and  H:C:C:H 

The  form  represented  by  the  formula  on  the  right  presents 
a  single  electron  on  each  carbon  atom  which  may  be  shared 
by  other  atoms.  The  reaction  of  ethylene  with  hydrogen  may 
be  shown  as  follows: 

H  H  H  H 

H:C:C:H  +  H:H->H:C:C:H 

H  H 

In  such  a  reaction  we  find  that  the  reagent,  or  whatever  re¬ 
acts  with  the  ethylene,  always  adds  to  the  ethylene  molecule. 
It  is  not  necessary  to  displace  a  hydrogen  atom  or  to  break 
apart  the  carbon  atoms. 

Ethylene  Series.  Now  there  are  many  other  compounds 
which  exhibit  the  same  kind  of  reactivity  as  does  ethylene. 
Ethylene  itself  has  two  hydrogen  atoms  less  per  molecule  than 
does  ethane  (C2H6).  There  is  a  whole  series  of  compounds 
which  lack  two  hydrogen  atoms  per  molecule  of  being  satu¬ 
rated.  A  few  of  these  are  listed. 

H  H 

i  i 

Ethylene,  or  ethene  C2H4  H — C  =  C — H 
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H  H  H 


Propylene,  or  propene 


Butylene,  or  butene 


Amylene,  or  pentene 


C3H6  H— C— C  =  C— H 

I 

H 

H  H  H  H 

I  I  I  I 

C4H8  H— C— C— C  =  C— H 

I  I 

H  H 

H  H  H  H  H 

I  I  I  I  I 

QHio  H— C— C— C— C  =  C— H 

I  I  I 

H  H  H 


The  structural  formulas  given  above  are  for  the  straight 
chain  molecules  only  but  these  are  by  no  means  the  only  ones 
known.  All  of  the  molecules  with  four  or  more  carbon  atoms 
may  exist  as  isomers.  For  example,  the  carbon  chain  may  be 
branched  and  also  the  “  double  bond  ”  (C  =  C)  may  be  be¬ 
tween  other  than  the  two  carbon  atoms  at  the  end. 


H  H 

I  I 

H— C— C  =  C— H 

I 

H 

H— C— H 

I 

H 

(isobutene) 

H 

I 

H— C— C 

I 

H 

H— C 


H  H  H  H 

I  I  I  I 

H— C— C— C  =  C— H 

I 

H 

H— C— H 

I 

H 

(isopentene) 

H  H 

I  I 

=  C— C— H 

I 

H 

-H 


H 

(trimethylethylene) 
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All  these  hydrocarbons  may  be  changed  to  saturated  hydro¬ 
carbons  by  the  addition  of  two  hydrogen  atoms  to  each  mole¬ 
cule.  In  this  respect  they  are  like  ethylene  and  are  classed 
together  as  the  ethylene  series.  The  formulas  differ  within  the 
series  by  CH2,  and  thus  this  series  is  also  said  to  be  homologous. 

Polymer  Gasoline.  One  of  the  most  useful  reactions  of  un¬ 
saturated  hydrocarbons  is  their  ability  to  combine  with  other 
unsaturated  hydrocarbons.  In  some  cases  they  will  combine 
with  certain  saturated  hydrocarbons  as  well.  This  type  of  re¬ 
action  is  illustrated  in  the  formation  of  polymer  gasoline. 
For  instance,  one  type  of  installation  utilizes  isobutane  to¬ 
gether  with  isobutene  in  the  presence  of  a  catalyst  such  as 
sulfuric  acid  or  phosphoric  acid. 

ch3  ch3  ch3  h  ch3 

I  I  I 

CH3 — C — H  +  CH2  =  C— CHs  CH3— C— C— C— CHs 


CH3  CH3  H  H 

iso-butane  iso-butene  iso-octane 

The  gases  used  are  those  which  come  from  natural  gas  and 
cracking  gas  and  in  spite  of  purification  they  are  never  pure. 
Other  substances  are  formed  at  the  same  time  but  the  mix¬ 
ture  has  a  high  octane  number. 

Another  such  reaction  of  considerable  interest  has  been 
announced  within  the  past  few  months.  Iso-butane  is  made  to 
react  with  ethylene.  The  temperature  is  near  77  5°  C.  and  the 
pressure  is  between  25  and  50  pounds  per  square  inch.  No  cata¬ 
lyst  is  required.  The  product  has  an  exceptionally  high  octane 
value  and  with  other  high  octane  fuels  and  ethyl  fluid  will 
yield  an  aviation  fuel  with  an  octane  number  as  high  as  115. 
It  is  called  neo-hexane.  Its  reaction  of  formation  is  written  as 
follows: 

CH3 

CH3 — C — H  +  H2C  =  CH2 


ch3  H 

I  I 

ch3— c— c— ch3 


ch3 

iso-butene 


ethylene 


ch3  h 

neo-hexane 
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This  process  uses  ethylene  which  is  produced  in  large  amounts 
from  the  cracking  process.  The  large-scale  production  of  neo¬ 
hexane  will  serve  as  a  great  conservation  industry. 

From  our  present  knowledge  we  assume  that  molecules 
with  branch  chains  have  higher  octane  numbers  than  do 
those  with  straight  chains.  When  straight  chain  molecules  are 
sent  through  the  cracking  process  some  of  them  break  apart 
and  are  reformed  as  branched  molecules.  This  raises  the  octane 
value  of  the  resulting  gasoline. 

Coal  Tar  Compounds  from  Petroleum.  Now  that  we  are 
surrounded  with  wars  it  pleases  us  to  know  that  at  least  one 
petroleum  refiner  is  prepared  to  produce  toluene  from  the 
unsaturated  hydrocarbons  in  cracking  gas.  It  is  estimated  that 
this  country  could  easily  produce  27  billion  pounds  of  T.N.T. 
from  the  toluene  thus  formed  each  year.  Other  compounds 
such  as  phenol  and  xylene,  which  heretofore  have  been  pro¬ 
duced  only  from  coal  tar,  may  also  be  made  from  this  source. 
The  reactions  by  which  these  substances  may  be  formed  are 
not  understood. 

Unsaturated  Compounds  in  Nature.  A  great  many  sub¬ 
stances  which  occur  in  plants  and  animals  are  unsaturated  like 
the  ethylene  compounds.  Cottonseed  oil  contains  oxygen  in 
addition  to  carbon  and  hydrogen,  but  it  is  also  unsaturated. 
It  will  react  with  hydrogen  in  the  presence  of  powdered  nickel 
to  give  a  saturated  compound  which  is  a  solid  instead  of  a 
liquid.  This  is  used  to  manufacture  solid  cooking  fats  from 
vegetable  oils.  The  oils  used  in  paint  and  varnish  are  also 
unsaturated.  In  these  oils,  however,  there  are  several  sets  of 
double  bonds  in  each  molecule.  By  this  we  mean  that  there 
are  several  reactive  places  within  each  molecule  where  hydro¬ 
gen  or  other  substances  may  add  or  hook  on.  When  these  oils 
are  spread  out  in  the  paint  or  varnish  film  they  react  with  the 
oxygen  of  the  air  to  form  a  firm  dry  substance.  We  say  that 
the  paint  “  dries.” 

Rubber.  Pure  rubber  is  an  unsaturated  hydrocarbon  with 
the  formula  (C5H8)X.  Scientific  research  has  never  brought  to 
light  the  actual  size  of  the  rubber  molecule,  though  chemists 
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Courtesy  of  the  U.S.  Rubber  Products,  Inc. 

Fig.  97.  Rubber  Mill 

The  ingredients  are  thoroughly  mixed  by  continued  rolling. 

are  sure  that  it  is  some  multiple  of  C5H8.  For  instance,  it  may 
be  CsooHgoo,  but  our  present  methods  of  investigation  do  not 
permit  us  yet  to  know.  For  this  reason  we  use  the  subscript 
“  x  ”  which  here  means  “  unknown  times  the  number.”  This 
hydrocarbon  is  found  in  many  plants,  trees  and  shrubs.  How¬ 
ever,  over  98  percent  of  the  world’s  supply  comes  from  the 
rubber  tree  with  its  fine-sounding  scientific  name  of  Hevea 
brasiliensis.  Almost  all  of  the  rubber  produced  comes  from 
cultivated  trees. 

Rubber  trees  begin  to  yield  rubber  when  they  are  about 
six  years  old  and  continue  until  they  are  past  forty.  Just  be¬ 
neath  the  bark  there  are  small  vessels  which  contain  the  rubber 
as  an  emulsion.  This  is  called  latex.  It  is  a  milky  white  fluid 
which  contains  small  droplets  of  the  hydrocarbon  dispersed 
in  a  watery  serum.  The  droplets  are  kept  separate  by  the 
presence  of  certain  nitrogen  compounds  which  act  as  a  pro- 
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tective  colloid.  The  trees  are  “  tapped  ”  by  cutting  a  layer 
of  bark  from  the  tree  and  collecting  the  small  amount  of  latex 
which  oozes  out  each  day.  All  of  the  latex  is  taken  to  central 
stations  where  it  is  either  converted  to  “  crepe  ”  or  sold  di¬ 
rectly.  The  crepe  is  formed  by  diluting  the  latex  with  water 

followed  by  dilute  acetic 
acid.  This  causes  the  rub¬ 
ber  to  separate  in  the  form 
of  a  doughlike  mass  which 
is  white  when  pure.  After 
thorough  washing,  the  rub¬ 
ber  is  baled  for  the  market. 
In  order  to  ship  latex  it  is 
necessary  to  add  ammonia 
to  the  product  from  the 
trees  so  that  fermentation 
and  separation  of  the  rub¬ 
ber  will  not  take  place. 
Large  amounts  of  latex  are 


Raw  rubber  changes 
with  the  weather.  It  gets 
brittle  when  cold  and 
sticky  when  hot.  This  is 
overcome  by  heating  the  rubber  with  sulfur;  a  process  known 
as  vulcanizing.  This  may  be  done  with  the  crepe  rubber  or 
with  such  things  as  gloves  shaped  by  dipping  forms  into  the 
latex.  Rubber  absorbs  sulfur  in  quantities  up  to  30  percent  of 
its  weight,  and  it  is  probable  that  much  of  this  actually  reacts 
chemically  with  the  unsaturated  hydrocarbon.  For  soft  rub¬ 
ber  the  sulfur  content  is  as  low  as  5  percent.  Hard  “  ebonite  ” 
results  when  the  larger  amounts  of  sulfur  are  added.  The  vul¬ 
canizing  process  with  sulfur  alone  may  require  several  hours 
of  heating.  This  has  been  shortened  to  minutes  by  the  use  of 
catalysts  called  accelerators.  Frequently  these  bring  about  the 
process  too  rapidly  and  other  catalysts,  called  accelerator  re¬ 


now  shipped  by  tank 
steamers. 


Courtesy  of  the  U.S.  Rubier  Products,  Inc. 


Fig.  98.  Covering  Cords  with 
Latex 

This  forms  a  rubber-covered  cord 
fabric  without  cross  threads. 
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tarders ,  must  be  added  in  order  to  slow  up  the  vulcaniza¬ 
tion.  During  manufacture  the  amounts  of  these  are  controlled 

Most  rubber  goods  contain  several  things  besides  rubber  and 
sulfur.  Treads  for  automobile  tires  contain  about  30  percent 
of  carbon  black  which  not  only  acts  as  a  filler  to  save  rubber 
but  it  actually  increases  the  wearing  quality  of  the  finished 
tire.  Small  amounts  of  zinc  oxide  increase  the  toughness  of 
the  tire  also.  Other  substances  may  be  added  to  give  the  proper 
color.  In  addition  to  everything  else  present  there  is  always  a 
small  amount  of  an  antioxidant  put  in  to  decrease  the  deterio¬ 
ration  of  the  rubber  in  the  air. 

Long  years  of  investigation  have  made  it  appear  that  natu¬ 
ral  rubber  is  a  polymer  of  the  unsaturated  hydrocarbon  iso- 
prene.  By  this  we  mean  that  it  has  been  formed  by  the  union 
of  a  large  number  of  isoprene  molecules  to  form  large  mole¬ 
cules  which  are  rubber.  This  may  be  represented  in  part  by  an 
equation. 


H  H 

I  I 

h2c  =  c— c  =  ch2  +  h2c  =  c— c  =  ch2  -> 


ch3 

isoprene 


ch3 

H  H  H  H  H 

I  I  I  I  I 

h2c  =  c— c— c— c  =  c— c  =  ch2 
I  I  I 

ch3  H  CHo 

polymer  of  isoprene 


This  polymer  of  isoprene  is  able  to  react  with  another  mole¬ 
cule  of  isoprene  or  with  another  molecule  like  itself.  This 
seems  to  continue  on  and  on  until  a  molecule  with  a  molecular 
weight  of  as  much  as  150,000  is  formed.  The  rubber  molecules 
which  result  are  still  unsaturated  and  are  capable  of  undergo¬ 
ing  many  chemical  changes.  This  is  shown  by  the  destructive 
action  of  air  and  acids  on  rubber.  The  vulcanization  with 
sulfur  may  well  be  a  union  of  sulfur  with  the  unsaturated 
spots  in  the  molecules. 
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Synthetic  Rubber.  About  1923  rubber  was  selling  at  more 
than  $1.00  a  pound.  This  gave  impetus  to  the  search  for  a 
rubber  substitute  or  for  a  method  of  making  rubber  from  easily 
obtained  materials.  Prior  to  1918,  in  Germany,  they  tried  to 
make  rubber  artificially  from  two  unsaturated  hydrocarbons: 

H  H 

I  I 

C— C  =  C— H 

I 

H— C— H 

I 

H 

H  H  H  H 

..  ..  II  I  I 

and  butadiene  jj _ q  —  q. _ q  =  q _ jj 

These  are  fairly  easily  obtained,  low-boiling  liquids.  When 
treated  in  the  proper  way  each  of  them  polymerizes  (large 
numbers  of  molecules  go  together  to  form  very  large  mole¬ 
cules)  .  The  rubber  so  made  was  of  a  very  poor  quality,  and, 
after  rubber  prices  dropped  to  about  20  cents  a  pound,  there 
was  little  reason  to  try  making  a  better  product.  In  1932  an 
American  firm  announced  the  production  of  a  new  synthetic 
rubber,  now  called  “neoprene”  (formerly  Duprene).  This 
substance  is  made  from  acetylene.  The  acetylene  is  produced 
by  treating  calcium  carbide  with  water.  The  calcium  carbide  is 
produced  by  heating  limestone  with  coke.  The  only  other 
substance  which  actually  takes  part  in  the  change  is  hydrogen 
chloride  (made  from  salt).  The  product  costs  too  much  at 
present  to  compete  on  a  cost  basis  with  natural  rubber,  but 
there  are  many  uses  for  which  it  is  far  superior  to  rubber  and 
hence  where  the  extra  cost  is  worth  it.  It  has  almost  all  the 
properties  of  rubber  but  it  resists  the  action  of  oil  much  bet¬ 
ter.  Most  rubber  swells  quite  a  bit  in  the  presence  of  oil,  while 
this  synthetic  material  swells  very  little.  This  has  resulted  in 
its  use  in  automobile  manufacture,  in  gasoline  hose,  in  rubber 
belting  for  machinery,  and  in  hundreds  of  other  places.  It  is 


isoprene 


H 

i 

H— C  = 
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claimed  to  fill  a  need  of  its  own  rather  than  merely  serving 
as  a  rubber  substitute. 

In  April,  1940,  the  Standard  Oil  Company  of  New  Jersey 
announced  that  they  would  build  a  plant  at  Baton  Rouge,  La., 
for  the  production  of  an  artificial  rubber.  It  will  operate  under 
a  German  patent  and  expects  to  start  making  1 0,000  pounds  of 
“  rubber  ”  daily  before  the  end  of  the  year.  The  rubberlike 
material  which  they  will  produce  is  termed  “  Perbunan  ”  or 
sometimes  “  Buna  N.”  It  is  derived  from  an  unsaturated  hydro¬ 
carbon,  produced  from  petroleum,  called  butadiene .  Its  for¬ 
mula  as  already  given  is  H  H 

h2c  =  c— c  =  ch2. 

This  is  allowed  to  react  with  another  compound  called  acrylic 
nitrile.  Its  formula  is  H 

i 

H2C  =  C— C  *  N. 

These  two  substances  are  emulsified  in  water  and  mixed  under 
the  proper  conditions  of  temperature  and  pressure.  The  prod¬ 
uct  of  their  reaction  resembles  the  ordinary  latex  of  raw  rub¬ 
ber  and  is  handled  in  the  same  manner  as  is  latex.  It  is  under¬ 
stood  that  one  large  rubber  company  has  agreed  to  take  the 
entire  output  of  the  Baton  Rouge  plant. 

The  Firestone  Tire  and  Rubber  Company  has  announced 
that  they  will  produce  Buna  rubber  for  its  needs  in  a  plant 
which  they  have  undertaken  to  build.  The  B.  F.  Goodrich 
Company  is  now  making  tires  using  a  synthetic  product  which 
they  choose  to  call  “  Ameripol.”  It  is  made  from  butadiene  to¬ 
gether  with  another  compound  which  they  do  not  see  fit  to 
reveal.  They  admit  that  the  other  product  is  made  from  natural 
gas  and  air.  These  are  treated  in  much  the  same  way  as  in  the 
formation  of  “  Buna  N.”  Tires  made  from  this  material  cost 
more  than  those  made  of  natural  rubber. 

When  first  attempts  were  made  to  produce  a  synthetic  rub¬ 
ber  it  was  intended  thereby  to  replace  natural  rubber.  The 
price  of  rubber  varies  so  that  this  would  be  hard  to  do.  With 
the  production  of  synthetic  “  rubber  ”  an  accomplished  fact, 
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their  properties  have  been  studied.  Many  times  they  are  far 
superior  to  natural  rubber  for  certain  purposes.  Truck  and 
tractor  tires  may  now  be  made  with  oil-proof  treads.  Engines 
may  be  mounted  on  rubber  to  cut  down  vibration.  We  are 
confronted  with  a  need  of  a  source  of  rubber  which  is  not 
controlled  by  a  foreign  monoply.  Our  present  beginning  may 
well  lead  to  our  complete  independence  with  regard  to  rubber 
supplies. 

Acetylene.  Acetylene,  to  which  we  have  referred  several 
times,  is  a  combustible  gas.  When  burned  with  oxygen  in  a 
special  oxyacetylene  blowtorch  it  produces  an  extremely  hot 
flame  used  in  the  welding  and  cutting  of  steel.  It  is  made  by 
dropping  water  onto  lumps  of  calcium  carbide. 

CaC2  +  2H20  — >  Ca(OH)2  +  C2H2  (acetylene) 

We  may  readily  see  that  the  molecule  of  acetylene  has  four 
hydrogen  atoms  less  than  the  molecule  of  ethane  (C2H6) .  With 
hydrogen  in  the  presence  of  a  catalyst  acetylene  will  react  to 
form,  first,  ethylene  and  then  ethane.  Because  of  this  great 
unsaturation  we  find  that  acetylene  is  quite  reactive  chemi¬ 
cally.  In  the  presence  of  certain  mercury  salts  it  will  even 
react  with  water  to  form  a  substance  known  as  acetaldehyde. 

C2H2  +  H20  — ->  QH4O  (acetaldehyde) 

From  acetaldehyde  may  be  made  scores  of  different  sub¬ 
stances.  Altogether  there  are  more  than  300  different  indus¬ 
trial  chemicals  produced  from  acetylene.  We  have  already 
mentioned  its  use  in  the  manufacture  of  artificial  rubber.  The 
new  synthetic  fiber  (nylon)  which  has  been  so  widely  dis¬ 
cussed  in  the  daily  papers  as  a  material  for  making  stockings 
like  silk  is  also  made  by  using  acetylene. 

We  may  account  for  the  chemical  activity  of  acetylene  as 
we  did  for  the  activity  of  ethylene.  We  find  that  there  are  not 
enough  electrons  “  to  go  around  ”  unless  we  let  the  two  carbon 
atoms  share  six  between  them.  This  is  represented  as  follows: 


H :  C :  C :  H  or  H— C  ^  C— H 
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These  extra  electrons  may  be  shared  with  other  elements  with 
which  acetylene  may  react.  For  example,  chlorine  reacts  with 
acetylene  so  rapidly  that  an  explosion  results  when  the  two 
gases  are  mixed. 

Cl  Cl 

i  i 

H — C  =  C — H  +  2CI2— >H — C — C — H  ( acetylene  tetrachloride) 

Cl  Cl 

As  would  be  expected,  there  is  a  homologous  series  of 
compounds  like  acetylene.  The  other  members  of  this  series 
do  not  as  yet  have  the  industrial  uses  that  acetylene  has,  how¬ 
ever. 

Benzene  Hydrocarbons.  There  is  another  class  of  hydro¬ 
carbons  which  comes  mainly  from  the  distillation  of  coal  tar. 
The  most  common  representative  of  this  group  of  substances  is 
benzene  which  has  the  formula  C6H6.  For  many  years,  prior 
to  1865,  chemists  were  puzzled  in  their  attempts  to  write  a 
structural  formula  for  this  substance.  At  that  time  a  German, 
named  Kekule,  offered  a  possible  solution  which  is  still  used. 
He  imagined  the  six  carbon  atoms  of  the  benzene  molecule  as 
being  tied  in  a  circle.  Attached  to  each  carbon  atom  was  one 
hydrogen  atom.  Thus  all  of  the  carbon  atoms  were  in  a  ring 
which  has  become  known  as  the  benzene  ring.  This  may  be 
represented  as  follows: 

H 

I 

/C\ 

H — Cx  XC — H 

I  I 

H— C  C— H 

I 

H 

Since  we  think  that  the  valence  of  carbon  must  always  be  four, 
it  is  necessary  to  assume  that  benzene  is  unsaturated.  This  is 
shown  by  the  electronic  structure  or  by  the  use  of  “  double 
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bonds.”  The  chemical  behavior  of  benzene  bears  out  the  un¬ 
saturation  which  was  assumed.  The  complete  formula  for  the 
compound  is  usually  written  as: 


H:  C 
H:  C 


C:F 

*C:H 


or 


H— C 

I 

H— C 


\/ 


C— H 

II 

C— H 


H 


but  chemists  get  in  a  hurry  and  sometimes  they  leave  out  the 
symbols  of  the  elements  which  make  up  the  compound.  The 
chemist  writes  benzene  as: 


This  symbol  in  combination  with  crossed  retorts  is  the  emblem 
of  the  Chemical  Warfare  service. 

There  is  a  whole  series  of  substances  which  are  chemically 
like  benzene  and  these  are  known  as  the  benzene  hydrocarbons. 
These,  also,  differ  from  each  other  by  CH2  in  their  formulas 
and  thus  they  form  a  homologous  series.  Since  many  of  these 
compounds  have  a  peculiar  odor  they  are  also  termed  aromatic 
hydrocarbons.  A  few  of  them  are  drawn  in  structure  form. 


H 

I 

/C\ 

H— C  C—H 
H — C<v  /C — H 

I 

H 

c6h6 

benzene 


H— C 

H— C 


\ 


H 

I 

C— C— H 

I 

H 
C— H 


c7h8 

toluene 
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H— C 

I 

I 

H— C 


H  H 

I  I 

C— C— C— H 

I  I 

H  H 

C— H 


H 

c8h10 

ethyl  benzene 


H 

I 

H— C— H 

I 

C 


H— C 

H— C 


H 

I 

C— C— H 


V 


H 

C— H 


H 

CgHu 

ortho-xylene 


H 

I 

H— C— H 


Cx 

h— of  xc- 


h-\c/c- 


H 

c8h10 

meta-xylene 


-H 

H 

I 

-C— H 

I 

H 


H 

I 

H— C— H 

I 

C 


H— C 

I 

H— C 


C— H 

II 

C— H 


C 

I 

H— C— H 

I 

H 

c8h]0 

para-xylene 
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All  of  these  are  important  solvents.  The  last  four  structures 
show  the  possible  isomers  with  the  formula  C8H10.  All  of  these 
are  known. 


SUMMARY 

The  compounds  of  carbon  are  termed  organic  compounds. 
Many  of  these  are  essential  to  life.  Carbon  atoms  may  combine 
with  other  carbon  atoms  as  well  as  with  other  elements.  The 
resulting  molecules  may  be  quite  complex. 

The  hydrocarbons  may  be  classified  in  homologous  series 
the  members  of  which  differ  from  each  other  by  CH2  in  their 
formulas.  A  few  of  these  are  the  methane,  ethylene,  acetylene, 
and  benzene  series. 

Members  of  the  methane  series  are  called  saturated  hydro¬ 
carbons.  They  are  characterized  by  a  relatively  low  chemical 
activity.  Members  of  the  ethylene  and  acetylene  series  are  said 
to  be  unsaturated.  They  are  characterized  by  a  high  chemical 
activity.  Members  of  the  benzene  series  possess  molecules  con¬ 
taining  a  ringlike  connection  between  the  carbon  atoms. 
These,  too,  possess  a  certain  degree  of  unsaturation  and  a 
high  reactivity. 

Hydrocarbons,  as  well  as  compounds  made  from  them,  may 
exist  as  straight  chain  and  branched  chain  isomers.  The  enor¬ 
mous  number  of  hydrocarbons  is  accounted  for  in  this  manner. 

Petroleum  hydrocarbons  are  largely  saturated,  but  may  be 
partially  converted  to  unsaturated  substances  by  cracking. 

Many  unsaturated  compounds  exist  in  nature  as  plant  and 
animal  products. 

Rubber  is  an  unsaturated  hydrocarbon  which  occurs  in 
certain  plants  as  latex.  It  reacts  with  sulfur  to  become  vulcan¬ 
ized.  Articles  of  rubber  contain  antioxidants  to  prolong  their 
life. 

Natural  rubber  is  a  polymer  of  isoprene.  Synthetic  rubber 
may  be  made  from  acetylene,  butadiene,  isoprene,  and  ethyl¬ 
ene.  Recent  indications  point  toward  a  considerable  produc¬ 
tion  of  such  material  in  the  United  States. 
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REVIEW  QUESTIONS 

1.  Why  is  it  possible  for  so  many  hydrocarbons  to  exist? 

2.  Why  are  carbon  compounds  called  organic? 

3.  What  relationship  exists  between  members  of  a  homolo¬ 
gous  series? 

4.  Why  are  members  of  the  methane  series  called  paraffins? 

5.  Distinguish  between  saturated  and  unsaturated  hydrocar¬ 
bons. 

6.  What  type  of  valence  forces  operate  within  hydrocarbon 
molecules?  How  do  these  differ  from  that  within  the  sodium 
chloride  molecule? 

7.  How  do  we  account  for  the  existence  of  two  or  more  hy¬ 
drocarbons  with  the  same  analytical  formulas  (derived  from 
analysis)? 

8.  Is  it  true  that  ethylene  causes  bananas  to  ripen  faster? 

9.  How  do  we  account  for  the  great  chemical  reactivity  of 
ethylene? 

10.  What  chemical  fact  makes  possible  the  formation  of  poly¬ 
mer  gasoline? 

11.  For  what  apparent  reason  does  the  cracking  process  raise 
the  octane  rating  of  gasoline? 

1 2.  Why  is  it  possible  for  rubber  to  react  with  sulfur? 

13.  Rubber  must  be  treated  to  prevent  destruction  by  the  air. 
Account  for  this. 

14.  Why  is  it  possible  for  artificial  rubber  to  be  sold  at  a  price 
which  is  higher  than  the  price  of  natural  rubber? 

15.  How  is  acetylene  made?  Give  some  of  its  uses. 

16.  What  is  peculiar  about  the  formula  for  benzene? 
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The  compounds  which  may  be  made  from  the  hydrocarbons 
are  even  more  important  than  are  the  hydrocarbons  themselves. 
By  means  of  chemical  changes  it  is  possible  to  remove  one  or 
more  hydrogen  atoms  from  the  different  hydrocarbons  and 
in  the  place  of  the  hydrogen  to  put  other  atoms  or  groups  of 
atoms.  In  this  manner  it  is  possible  to  make  many  thousands 
of  different  substances.  These  new  things  are  said  to  be 
derivatives  of  the  hydrocarbons  even  though  the  same  sub¬ 
stance  may  occur  in  nature.  The  study  of  the  hydrocarbons 
and  the  things  which  may  be  made  from  them  is  called  organic 
chemistry .  In  general  the  name  has  been  applied  to  the  study 
of  all  the  compounds  of  carbon  wherever  and  however  they 
may  be  obtained.  There  are  more  than  300,000  such  com¬ 
pounds  known,  and  many  others  are  prepared  each  year. 
Some  of  our  greatest  industries  are  confined  to  the  manufac¬ 
ture  of  products  made  entirely  from  the  compounds  of  carbon. 
These  industries  depend  upon  chemical  changes  which  may  be 
brought  about  and  which  result  in  the  conversion  of  one  com¬ 
pound  into  another.  There  is  so  much  to  the  chemistry  of  the 
organic  substances  that  it  would  be  next  to  impossible  to  re¬ 
member  much  of  it  save  for  the  fact  that  most  of  the  com¬ 
pounds  may  be  classed  into  large  groups  of  similar  things.  In  a 
general  way  all  of  the  members  of  these  similar  groups  behave 
alike  and  the  chemist  soon  learns  to  rely  upon  these  generali¬ 
ties.  A  few  of  the  more  common  of  these  groups  will  be  dis¬ 
cussed.  The  grouping  is  done  according  to  the  other  elements 
or  groups  of  elements  which  may  be  present. 

Compounds  with  Chlorine.  We  shall  illustrate  some  of 
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these  types  of  compounds  by  means  of  changes  brought  about 
in  the  paraffin  hydrocarbons.  If  methane  is  treated  with  chlo¬ 
rine  in  the  presence  of  sunlight  the  chlorine  is  able  to  replace 
the  hydrogen  atoms  one  at  a  time. 

CH4  +  Cl2  ->  HC1  +  CH3CI  methyl  chloride 
CH3CI  +  Cl2  ->  HC1  +  CH2CI2  methylene  chloride 
CH2CI2  +  Cl2  ->  HC1  +  CHCI3  chloroform 
CHCI3  +  Cl2  — >  HC1  +  CCI4  carbon  tetrachloride 

Methyl  chloride  has  long  been  used  as  the  liquid  in  mechanical 
refrigerators,  but,  since  it  has  a  toxic  (poisonous)  effect,  and 
has  caused  severe  illness  in  persons  exposed  to  a  leaky  machine, 
other  liquids  such  as  sulfur  dioxide,  ammonia,  and  “  Freon  ” 
are  being  used  more  and  more.  Chloroform  is  well  known  as 
an  anesthetic.  But  this,  too,  is  dangerous  to  human  health  and 
life  if  used  for  long  periods  of  time,  and,  in  consequence,  chem¬ 
ists,  anesthetists,  and  surgeons  continue  experimenting  to  find 
better  anesthetics.  Carbon  tetrachloride  finds  many  uses  be¬ 
cause  it  will  not  burn.  Cleaning  fluids  containing  the  proper 
amount  of  carbon  tetrachloride  are  efficient  as  dry  cleaners 
and  have  almost  no  fire  hazard.  As  the  liquid  in  certain  fire 
extinguishers  (Pyrene)  it  finds  sale  for  putting  out  small  fires. 
This  it  does  by  forming  a  blanket  of  heavy  vapor  over  the 
fire  and  shutting  out  the  air.  The  use  of  carbon  tetrachloride 
is  accompanied  by  some  danger,  since  it  has  a  poisonous  effect 
if  breathed  for  some  time.  When  used  properly  in  the  presence 
of  fresh  air,  and  if  the  fumes  are  not  inhaled,  there  seems  to  be 
no  danger  involved. 

A  certain  compound  containing  both  chlorine  and  fluorine 
(CC12F2)  is  unusual  in  that  it  is  not  harmful  even  if  breathed 
for  a  considerable  time.  This  substance,  called  dichlorodi- 
ffuoromethane,  is  sold  under  the  trade  name  of  “  Freon  ”  for 
use  as  the  liquid  in  refrigerating  machines.  Other  properties 
which  it  possesses,  such  as  ease  of  evaporation,  the  large 
amount  of  heat  absorbed  while  evaporating,  and  the  ease  of 
condensing  it  to  a  liquid,  make  it  the  most  desirable  fluid  for 
this  purpose. 

From  other  hydrocarbons  it  is  possible  to  make  still  other 
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chlorine  compounds  and  many  of  these  find  considerable  use. 
Sometimes  compounds  containing  chlorine  cannot  be  made 
in  pure  form  by  the  action  of  chlorine  with  the  hydrocarbon, 
and  it  becomes  necessary  to  use  some  indirect  method  to  ac¬ 
complish  the  desired  result.  If  the  gas  ethylene  is  treated  with 
hydrogen  chloride  (HQ)  we  get  ethyl  chloride. 

H  H  H  H 

I  I  I 

H— C  =  C— H  +  HC1  ->  H— C— C— H 

H  Cl 

ethyl  chloride 

This  substance  is  used  in  the  manufacture  of  lead  tetraethyl, 
which  is  the  ethyl  fluid  in  gasoline.  To  make  this,  ethyl  chlo¬ 
ride  is  treated  with  an  alloy  of  sodium  and  lead.  The  sodium 
reacts  with  the  chlorine  of  the  ethyl  chloride  while  the  re¬ 
maining  portion  of  the  molecule  combines  with  lead. 

4C2H5C1  +  NarPb  ->  4NaCl  +  Pb(C2H5)4 

lead  tetraethyl 

If  ethylene  is  treated  with  bromine  it  forms  ethylene  di¬ 
bromide. 

H 

H— C 


Ethylene  dibromide  is  important  because  it  must  be  mixed 
with  all  gasoline  which  contains  lead.  When  lead  tetraethyl 
burns  in  an  engine  the  lead  is  set  free  and  much  of  it  may  be 
ejected  from  the  exhaust  as  a  fine  powder.  If  this  floats  about 
in  the  air  there  is  danger  of  its  causing  lead  poisoning.  This 
danger  is  removed  by  mixing  the  proper  amount  of  ethylene 
dibromide  with  the  leaded  gas.  When  this  burns  it  liberates 
free  bromine  in  intimate  contact  with  the  lead.  These  react  to 
form  lead  bromide  which  is  a  heavy  powder.  Some  of  this  is 


H  H  H 

1  1  1 

=  C— H  +  Br2  -+  H— C— C— H 

I  I 

Br  Br 

ethylene  dibromide 
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deposited  along  the  exhaust  and  muffler.  That  which  gets  into 
the  air  should  soon  settle  to  the  ground  though  it  is  harmless. 

By  treating  ethylene  with  chlorine  we  get  ethylene  di¬ 
chloride. 

H  H  H  H 

II  M 

H— C  =  C— H  +  Cl2  ->  H— C— C— H 

I  I 

Cl  Cl 

ethylene  dichloride 

This  substance  is  used  in  the  manufacture  of  certain  types  of 
synthetic  rubber  and  synthetic  resins.  Notable  among  these  is 
“  Thiokol.” 

If  acetylene  is  treated  with  chlorine  we  get  a  reaction  similar 
to  that  with  ethylene  though  in  this  case  it  takes  place  twice. 

H— C  s  C— H  +  Cl2  ->  H— C  =  C— H 

1  1 

Cl  Cl 

dichloro-acetylene 

This  reacts  with  additional  chlorine. 

Cl  Cl 

I  I 

H— C  =  C— H  +  Cl2  H— C— C— H 

Cl  Cl  Cl  Cl 

tetrachloro-acetylene 

The  above  reactions  by  which  one  molecule  of  a  reactive 
substance  combines  with  a  molecule  of  the  unsaturated  com¬ 
pound  are  called  addition  reactions.  These  are  typical  of  all 
unsaturated  compounds. 

The  compounds  of  the  hydrocarbons  with  chlorine  and 
bromine  are  heavy  liquids  with  considerable  solvent  ability. 
They  are  sometimes  used  in  the  purification  of  lubricating  oil. 
Because  they  do  not  catch  fire  easily  these  solvents  are  used 
to  extract  plant  oils  from  plant  tissue.  The  pyrethrum  extract 
used  to  kill  flies  and  other  insects  is  so  obtained.  Soy  bean  oil 
is  sometimes  extracted  from  the  meal  by  the  use  of  these  sol- 
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vents.  A  number  of  serious  fires  and  explosions  have  resulted 
from  the  use  of  inflammable  solvents  for  these  purposes. 

Radicals.  When  another  element  such  as  chlorine  is  intro¬ 
duced  into  a  hydrocarbon  molecule  in  place  of  a  hydrogen 
atom,  it  is  this  new  element  which  usually  gives  the  most  char¬ 
acteristic  properties  to  the  substance  which  is  formed.  The 
unchanged  part  of  the  molecule  merely  tags  along  and  may  go 
through  many  chemical  reactions  unchanged.  This  remaining 
hydrocarbon-portion  of  the  molecule  is  called  a  radical.  Radi¬ 
cals  are  named  in  a  systematic  manner  which  depends  upon 
the  hydrocarbon  involved.  A  few  examples  will  make  this 
clear. 


Hydrocarbon 
CH4  methane 
C2H6  ethane 
C3H8  propane 
C4H10  butane 


Compound 

CH3CI  methyl  chloride 
C2H5CI  ethyl  chloride 
C3H7CI  propyl  chloride 
C4H9CI  butyl  chloride 


Radical 
CH3 —  methyl 
C2H5 —  ethyl 
C3H7 —  propyl 
C4H9 —  butyl 


Because  of  the  very  complex  nature  of  some  organic  com¬ 
pounds  it  has  been  necessary  to  devise  a  strict  system  of  naming 
them  to  keep  them  all  straight  in  the  chemist’s  mind.  This  sys¬ 
tem  has  been  accepted  by  international  agreement  of  scientists. 
The  possibilities  for  different  isomeric  compounds  is  so  great 
that  without  such  a  system  the  name  given  to  a  compound  by 
one  chemist  would  mean  nothing  to  any  other  laboratory 
worker. 

The  Alcohols.  If  the  chlorine  compounds  listed  above,  as 
well  as  other  similar  ones,  are  treated  with  a  water  solution  of 
sodium  hydroxide  (caustic  soda)  the  chlorine  will  be  replaced 
by  a  hydroxyl  (OH)  group. 


CH3  Cl  +  Na|OH 


NaCl  +  CH3OH 


methyl  alcohol 
wood  alcohol 


C2H5  Cl  +  Na  OH 


NaCl  +  C2H5OH 


ethyl  alcohol 
grain  alcohol 


This  new  type  of  compound  is  called  an  alcohol.  The  two 
alcohols  shown  are  the  most  important  to  human  beings.  While 
these  two  alcohols  are  not  prepared  by  the  method  indicated 
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in  the  equations  since  it  would  cost  entirely  too  much  to  carry 
out  the  process,  the  chemical  equations  do  show  the  relation 
of  the  alcohols  to  the  hydrocarbons. 

Methyl  Alcohol.  Until  a  few  years  ago  all  of  the  methyl 
alcohol  used  was  obtained  as  a  by-product  of  the  distillation 
of  wood  in  the  manufacture  of  charcoal.  The  material  so  ob¬ 
tained  was  commonly  called  wood  alcohol.  There  have  been 
many  cases  reported  in  which  men  have  drunk  wood  alcohol 
with  the  idea  that  anything  named  alcohol  was  made  for  that 
purpose.  The  result  is  usually  death  or  blindness.  An  attempt 
is  being  made  to  change  the  name  from  alcohol  to  “  methanol  ” 
in  keeping  with  good  chemical  usage  and  to  keep  the  ignorant 
from  disaster.  It  is  this  name  which  industry  is  now  success¬ 
fully  using  for  the  product.  About  1923  a  process  was  devel¬ 
oped  in  Germany  for  the  production  of  methyl  alcohol  syn¬ 
thetically.  When  a  mixture  of  carbon  monoxide  and  hydro¬ 
gen  (water  gas)  is  brought  in  contact  with  a  suitable  catalyst 
at  a  temperature  of  about  400°  C.  and  under  pressure  of  50 
atmospheres  methyl  alcohol  is  formed. 

CO  +  2H2  CH3OH 

A  mixture  of  the  oxides  of  zinc  and  copper  serves  as  a  catalyst 
for  this  reaction. 

The  production  of  synthetic  methyl  alcohol  costs  much  less 
than  its  production  by  wood  distillation.  This  has  resulted  in 
severe  competition  for  the  wood  distillation  industry.  In  fact, 
it  is  threatened  with  complete  extinction.  During  1939  the 
U.  S.  production  of  synthetic  methyl  alcohol  amounted  to 
about  34,000,000  gallons  and  this  was  89  percent  of  the  total 
production  in  this  country. 

Uses  of  Methyl  Alcohol.  The  largest  uses  for  methyl  alco¬ 
hol  are: 

1 .  Denaturing  ethyl  alcohol  in  order  to  free  it  from  bev¬ 
erage  taxes.  Completely  denatured  ethyl  alcohol  contains 
10  percent  of  methyl  alcohol  but  is  satisfactory  for  certain 
chemical  manufacturing  processes. 

2.  Antifreeze  for  automobile  radiators.  It  takes  fewer 
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pounds  of  methyl  alcohol  to  protect  a  radiator  against  freez¬ 
ing  than  it  does  of  any  other  such  product.  This  is  due 
to  the  low  molecular  weight  of  this  compound  (see  Chap¬ 
ter  7). 

3.  Solvent  for  shellac  and  varnish.  A  large  amount  of  the 
stuff  which  comes  in  the  can  of  varnish  is  nothing  but  a 
solvent  to  keep  the  actual  varnish  in  a  liquid  state.  When  the 
varnish  is  spread  out  on  a  surface  the  solvent  evaporates  and 
leaves  the  dissolved  material  in  the  form  of  a  firm  dry  coat¬ 
ing. 

4.  The  production  of  formaldehyde  to  be  used  as  a  dis¬ 
infectant  in  hospitals  or  in  the  production  of  “  Bakelite  ” 
and  other  similar  resins.  These  resins  are  seen  daily  in  such 
articles  as  telephones,  pencils,  ash  trays,  cases  for  clocks, 
backs  for  hair  brushes,  steering  wheels  for  automobiles,  and 
switch  buttons  for  radios. 

Ethyl  Alcohol.  Ethyl  alcohol  (grain  alcohol,  beverage  al¬ 
cohol,  ethanol)  has  been  produced  by  the  fermentation  of 
fruit  sugar  and  grains  since  the  earliest  times  of  history.  The 
relationship  between  the  molecule  of  ethyl  alcohol  and  the 
molecule  of  ethane  is  shown  by  the  fact  that  ethyl  alcohol  can 
be  produced  from  ethyl  chloride. 

H  H  H  H 

ii  M 

H— C— C— H  +  Cl2  ->  H— C— C— Cl  +  HC1 

II  II 

H  H  H  H 

ethane  ethyl  chloride 

H  H 

I  i 

OH  -»•  H— C— C— OH  +  NaCl 

I  I 

H  H 

ethyl  alcohol 

It  is  far  too  much  trouble  to  try  to  make  ethyl  alcohol  by  this 
method  because  there  are  much  easier  ways. 

Synthetic  Ethyl  Alcohol.  It  has  been  mentioned  that  the 


H  H 


H— C— C—  Cl  +  Na 

I  I  ' - 

H  H 
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process  of  making  gasoline  by  cracking  petroleum  products 
results  in  the  formation  of  large  amounts  of  ethylene  (CH2  = 
CHo).  The  addition  of  the  elements  of  water  as  (H-OH)  to 
the  ends  of  the  double  bond  in  ethylene  results  in  the  for¬ 
mation  of  ethyl  alcohol. 

H  H  H  H 

ii  ii 

H— C  =  C— H  +  H— OH  H— C— C— H 

I  I 

H  OH 

Ethylene  is  passed  into  sulfuric  acid  and  then  water  is  added 
to  the  resulting  compound.  Ethyl  alcohol  is  produced  and  its 
cost  of  production  is  low  enough  to  compete  with  alcohol 
from  the  fermentation  industries.  The  cost  of  getting  back 
the  sulfuric  acid  used  keeps  this  ethyl  alcohol  from  being  even 
cheaper  than  it  is. 

Alcohol  by  Fermentation.  The  largest  production  of  ethyl 
alcohol  in  this  country  is  from  the  fermentation  of  “  black 
strap  ”  molasses.  This  material  is  purchased  from  the  Cuban 
sugar  mills  and  contains  that  part  of  the  sugar  syrup  which 
will  not  crystallize  as  sugar.  The  chemical  change  which  takes 
place  during  fermentation  may  be  written  as: 

Ci2H220h  +  H20  4C2H5OH  +  4C02 

sugar  ethyl  alcohol  carbon  dioxide 


The  reaction  equation  does  not  indicate  in  any  way  just  how 
the  process  occurs.  It  was  Louis  Pasteur  who  first  discovered 
that  the  process  of  fermentation  is  due  to  the  presence  of 
certain  plant  organisms  which  exist  upon  the  skins  of  fruit. 
At  first  it  was  supposed  that  the  organism  utilized  the  sugar 
as  food  and  secreted  the  alcohol  and  carbon  dioxide  as  waste 
products.  It  has  been  shown,  however,  that  it  is  not  the  living 
organism  which  brings  about  the  change,  but  instead  it  is  a 
substance  produced  during  the  growth  of  the  organism  which 
acts  as  a  catalyst  for  the  change. 

The  organism  which  causes  fermentation  is  known  as  yeast. 
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It  is  a  vegetable  growth.  Within  the  yeast  cells  there  are  cer¬ 
tain  complex  substances  which  may  serve  as  catalysts  for  chem¬ 
ical  changes.  These  catalysts  are  known  as  enzymes.  If  the 
yeast  cells  are  destroyed  by  grinding  or  crushing  the  resulting 
material  will  produce  fermentation  just  the  same  as  the  yeast 
itself.  In  actual  practice  it  is  neither  necessary  to  grind  the 
yeast  nor  to  isolate  the  enzyme.  The  yeast  is  simply  allowed  to 
grow  within  a  solution  containing  the  sugar  to  be  fermented. 
In  order  to  grow,  the  yeast  uses  some  sugar  along  with  certain 
mineral  salts,  phosphates,  and  nitrogen  containing  material. 
As  a  rule  the  yeast  is  grown  outside  the  fermentation  vats  and 
is  added  to  the  sugar  solution  in  amounts  great  enough  to  bring 
about  the  fermentation  in  as  short  a  time  as  possible.  The  al¬ 
cohol  is  distilled  from  the  resulting  “  mash  ”  by  means  of 
steam.  Repeated  distillation  of  the  alcohol  so  obtained  brings 
about  a  partial  separation  from  the  water  which  also  distills  but 
this  cannot  be  carried  out  to  produce  higher  than  95  percent 
alcohol. 

In  certain  foreign  countries  alcohol  is  produced  from  starch 
by  a  fermentation  process.  In  this  case  it  is  first  necessary  to 
change  the  starch  to  a  material  which  can  be  fermented.  This 
change  may  be  brought  about  by  another  enzyme,  called  dia¬ 
stase ,  which  occurs  in  grains  of  barley  during  sprouting.  Bar¬ 
ley  is  sprouted  in  a  warm,  damp  atmosphere  until  the  sprouts 
are  well  formed.  The  sprouted  grains  are  heated  just  hot 
enough  to  stop  the  growth  but  not  to  destroy  the  diastase.  The 
resulting  material  is  called  “  malt.”  Starch  from  various  grains 
or  potatoes  is  changed  to  a  sugar  called  maltose  if  treated  with 
this  malt  in  the  presence  of  water.  After  the  maltose  is  formed 
it  is  fermented  to  form  alcohol  by  means  of  yeast. 

In  1939  the  United  States  produced  221,617,741  proof  gal¬ 
lons  of  ethyl  alcohol.  A  proof  gallon  is  a  gallon  containing 
50  percent  alcohol  in  water.  This  was  produced  from  molasses, 
corn,  rye,  barley,  ethylene,  waste  from  paper  mills,  pineapples, 
potatoes,  and  wood  pulp. 

Uses  of  Alcohol.  The  uses  of  ethyl  alcohol  are  so  great  that 
it  must  be  classified  as  a  necessary  chemical.  It  is  a  necessary 
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solvent  for  perfumes  since  no  suitable  substitute  has  ever  been 
found.  Certain  flavoring  extracts  require  alcohol  as  a  solvent 
(vanilla).  We  find  it,  too,  as  a  solvent  in  the  industries  which 
make  and  use  lacquer,  celluloid,  smokeless  powder,  varnish, 
shellac,  and  enamel.  It  is  an  important  fuel  for  automobiles  in 
countries  not  having  large  supplies  of  petroleum.  Alcohol  is 
a  convenient  substance  to  use  in  the  preparation  of  other  com¬ 
pounds.  Chloroform  is  prepared  from  it.  More  than  a  third 
of  the  alcohol  produced  in  this  country  is  denatured  for  use 
as  an  antifreeze  in  automobiles. 

Alcoholic  beverages  contain  ethyl  alcohol.  When  taken  into 
the  body  the  ethyl  alcohol  is  converted  into  carbon  dioxide 
and  water  by  the  normal  body  process.  This  process  is  not 
rapid  and  the  excess  alcohol  which  may  be  consumed  is  soon 
found  in  the  blood  stream.  It  is  this  alcohol  in  the  blood  which 
causes  the  dullness  of  the  brain  and  other  effects  which  in  the 
extreme  are  associated  with  drunkenness.  When  the  body  is 
overtaxed  with  alcohol  the  normal  burning  to  carbon  dioxide 
is  incomplete  and  acetic  acid  is  formed.  Continued  use  of  alco¬ 
hol  as  a  beverage  produces  serious  effects  of  a  chemical  nature 
which  are  best  discussed  in  a  course  on  physiology.  The  mat¬ 
ter  of  overuse  of  alcohol  has  not  been  properly  studied.  There 
is  some  evidence  which  indicates  an  actual  condition  of  disease 
in  many  cases. 

Prestone.  The  alcohols  which  have  been  discussed  have 
only  one  hydroxyl  group  in  their  molecules  but  there  are 
other  alcohols  with  more  than  one  such  group.  One  of  the 
most  important  of  these  alcohols  is  the  one  called  ethylene 
glycol.  It  contains  two  carbon  atoms  and  two  hydroxyl  groups 
in  each  molecule.  The  accepted  formula  is  written  as: 

H  H 

H— C— C— H 

OH  OH 

It  finds  its  greatest  use  as  an  antifreeze  for  automobiles  under 
the  name  “  Prestone.”  It  is  produced  from  the  gas  ethylene 
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which  is  a  by-product  of  the  cracking  of  petroleum.  By  treat¬ 
ing  ethylene  with  chlorine  gas  in  water  we  get  ethylene  chloro- 
hydrin. 

Cl2  +  H20  HC1  +  H0C1 

H\  /H  H\  /H 

;c  =  c;  +  hoci  ->  ^c— c— h 

y/  xh  yV  I  I 

Cl  OH 

ethylene  chlorohydrin 

This  product  when  heated  with  a  water  solution  of  sodium 
bicarbonate  (baking  soda)  is  changed  to  ethylene  glycol. 

Glycerin.  Another  alcohol  is  glycerin. 

H  H  H 

i  1  1 

H— C— C— C— H 

I  I  I 

OH  OH  OH 

This  is  produced  as  a  by-product  of  soap  manufacture.  How¬ 
ever,  there  are  several  additional  methods  for  getting  glycerin, 
and  we  are  not  at  all  dependent  upon  soap  companies  for  the 
product.  Like  the  other  alcohols  this  one  finds  a  considerable 
use  as  an  antifreeze.  Since  they  each  have  a  high  boiling  point, 
glycerin  and  ethylene  glycol  are  alike  in  that  they  are  not  lost 
from  the  radiator  by  evaporation  as  are  methyl  and  ethyl  alco¬ 
hols.  This  offsets  their  higher  initial  cost  to  some  extent. 

Glycerin  is  harmless  to  the  human  body.  This  is  not  true 
for  ethylene  glycol.  If  we  were  to  drink  “  Prestone  ”  the  proc¬ 
ess  of  digestion  would  change  the  ethylene  glycol  to  oxalic 
acid  which  is  a  deadly  poison.  A  few  years  ago  a  number  of 
deaths  were  reported  as  being  due  to  sulfanilamide  which  was 
dissolved  in  a  solvent  made  from  ethylene  glycol.  The  harmless 
nature  of  glycerin  permits  its  use  in  food  and  medicine  as  well 
as  in  cosmetics  of  all  sorts.  Since  glycerin  absorbs  moisture 
from  the  air  we  find  it  used  on  shredded  cocoanut  and  prunes 
in  order  to  keep  these  products  in  a  moist  condition.  This  same 
property  of  glycerin  is  used  in  non-drying  ink  pads  which 
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must  stay  moist  for  use  with  rubber  stamps.  Glycerin  is  ex¬ 
tremely  widespread  in  nature,  since  all  of  the  plant  and  animal 
fats  and  oils  are  compounds  of  it. 

Ether.  The  discovery  of  the  anesthetic  value  of  ether  was 
a  great  boon  to  modern  surgery.  When  ether  and  other  anes¬ 
thetics  are  breathed,  they  pass  into  the  blood  stream  and  pro¬ 
duce  numbness  of  the  nerves.  The  effect  is  that  of  a  deep  sleep 
so  that  the  surgeon’s  knife  is  not  painful  as  it  cuts  the  flesh. 

When  sulfuric  acid  is  heated  with  relatively  large  amounts 
of  ethyl  alcohol  ether  is  produced.  This  is  really  due  to  the 
removal  of  water  from  the  alcohol. 

H2S04 

2c2h5oh - >  c2h5— O— C2H5  +  H20 

ethyl  alcohol  ethyl  ether 

The  process  is  carried  out  on  a  large  scale.  In  a  normal  year 
about  8  million  pounds  of  ether,  which  is  suitable  for  medical 
purposes,  is  produced  in  the  United  States.  In  addition  to  this 
there  are  other  large  amounts  of  this  substance  produced  for  use 
as  solvents. 

Other  Anesthetics.  A  number  of  substances  are  capable  of 
producing  the  deep  sleep  of  anesthesia.  Chloroform  (CHC13) 
is  one  of  the  oldest  but  it  must  be  used  with  great  care  to  pre¬ 
vent  poisoning.  One  of  the  newer  anesthetics  is  ethylene 
(CH2  =  CH2).  This  substance  produces  a  deep  sleep  when 
used  with  oxygen,  and  none  of  the  bad  effects  of  ether  are 
noticed.  The  patient  wakens  without  either  nausea  or  a  feeling 
of  depression.  The  effect  upon  the  heart  does  not  appear  harm¬ 
ful,  and  thus  it  is  used  with  older  persons  with  great  success. 
For  many  years  the  dentist  has  used  “  laughing  gas  ”  or  nitrous 
oxide  (N20)  to  put  a  patient  to  sleep  for  a  short  while.  The 
effects  of  this  gas  soon  disappear.  Nitrous  oxide  is  used  fre¬ 
quently  before  giving  a  patient  ether  in  order  to  prevent  his 
usual  struggle  against  the  going  into  anesthetic  sleep. 

Aldehydes.  A  class  of  substances  known  as  aldehydes  may 
be  produced  from  alcohols.  Some  of  these  aldehydes  such  as 
formaldehyde ,  from  methyl  alcohol,  and  acetaldehyde ,  from 
ethyl  alcohol,  are  quite  important. 
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Formaldehyde.  Formaldehyde  is  produced  from  methyl  al¬ 
cohol  by  passing  hot  air  through  the  alcohol  contained  in  a 
copper  vessel.  The  oxygen  of  the  air,  in  the  presence  of  the 
copper  which  serves  as  a  catalyst,  combines  with  a  part  of  the 
hydrogen  in  the  alcohol. 


H 


H 


H— C— 0 

H  +  0 

H 

H— C  =  O  +  H20 

formaldehyde 


Formaldehyde  is  quite  soluble  in  water  and  the  water  solution 
(40%)  is  sold  as  “  formalin.”  This  is  used  as  a  disinfectant. 
A  large  amount  of  formalin  is  used  to  combat  plant  diseases 
such  as  potato  scab  and  the  “  damping  ”  of  seedling  plants  in 
green  houses.  Formaldehyde  is  also  used  as  an  insecticide,  as 
an  embalming  fluid  in  preparing  corpses  for  burial,  and  as  a 
hardening  agent  for  animal  protein.  When  the  curd  from  milk 
(casein)  is  treated  with  formaldehyde  it  becomes  quite  hard. 
Thus  it  becomes  possible  to  make  buttons  and  billiard  balls 
from  milk.  The  greatest  amount  of  formaldehyde  is  used  in  the 
production  of  synthetic  resins  such  as  “  Bakelite.” 

Acetaldehyde.  The  careful  treatment  of  ethyl  alcohol  with 
oxygen  produces  acetaldehyde. 


H  H 


H  H 


H— C 


H 


-C— 0 

1 

H  +  0 

|h~ 

H— C— C  =  O  +  H20 

i 

H 

acetaldehyde 


Just  as  in  the  case  of  formaldehyde  we  see  the  formula  of  this 


substance  has  in  it  the  group 


which  is  said  to  be  char¬ 


acteristic  of  aldehydes.  It  is  an  extremely  reactive  group  chem¬ 
ically  and  a  lot  of  things  may  be  made  from  the  aldehydes 
because  of  the  ease  with  which  they  take  part  in  chemical 
reactions.  From  acetaldehyde  may  be  made  a  very  valuable 
sleep  producing  compound  known  as  paraldehyde. 
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The  demand  for  things  produced  by  means  of  acetaldehyde 
is  so  great  that  this  substance  is  made  in  large  amounts  from 
cheap  materials.  If  we  look  at  the  formula  of  acetylene 
(HC  =  CH)  we  can  see  that  by  adding  H20  we  will  have 
the  formula  for  acetaldehyde.  Acetylene  is  passed  through 
water  containing  a  mercury  compound  and  acetaldehyde  is 
formed.  The  acetylene  is  produced  by  the  action  of  water 
upon  calcium  carbide  which  in  turn  is  produced  from  lime¬ 
stone  and  coke.  A  large  amount  of  the  acetaldehyde  produced 
is  converted  to  acetic  acid  which  is  used  in  the  production  of 
non-explosive  motion  picture  film  especially  in  16  mm  or 
8  mm  sizes  for  home  amateur  movie  cameras,  and  certain  types 
of  rayon. 

Acids.  When  the  alcohols  or  the  aldehydes  are  oxidized, 
otherwise  than  by  burning,  they  are  changed  to  acids.  These 
are  called  organic  acids  and  they  are  found  widely  distributed 
in  nature. 

Formic  Acid.  When  either  methyl  alcohol  or  formaldehyde 
is  treated  with  strong  oxidizing  agents  formic  acid  is  pro¬ 
duced. 

H  OH 

i  i 

H— C  =  O  +  O  ->  H— C  =  O 

formic  acid 

This  acid  was  first  made  by  the  distillation  of  the  bodies  of  red 
ants.  The  acid  which  distilled  was  called  “  ant  acid  ”  and  that 
is  what  the  name  “  formic  acid  ”  means.  There  are  so-called 
stinging  nettles  which  also  contain  formic  acid.  This  acid  pro¬ 
duces  severe  blisters  and  swelling  when  left  in  contact  with 
the  skin. 

Acetic  Acid.  The  oxidation  of  acetaldehyde  produces  acetic 
acid. 

H  H  H  OH 

I  I  I  I 

H— C— C  =  0  +  O  ->  H— C— C  =  O 


H 


H 

acetic  acid 
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This  acid  was  known  long  ago  since  it  occurs  in  vinegar  to 
which  it  gives  the  acid  properties.  In  1939  the  United  States 
produced  215  million  pounds  of  acetic  acid.  About  one  fifth 
of  this  was  produced  from  the  distillation  of  wood.  The  re¬ 
mainder  was  made  largely  by  synthetic  methods.  The  two  out¬ 
standing  methods  are  the  addition  of  water  to  acetylene  to  form 
acetaldehyde  followed  by  its  oxidation,  and  the  oxidation  of 
alcohol  by  means  of  air  and  bacterial  action. 

Vinegar.  Vinegar  is  usually  produced  from  fruit  juices 
though  it  may  be  made  from  any  dilute  solution  which  con¬ 
tains  from  12  to  16  percent  of  sugar.  The  first  step  in  the 
process  is  the  conversion  of  the  sugar  to  alcohol  by  the  process 
of  fermentation  with  yeast.  The  yeast  is  already  present  on 
fruit  and  some  of  it  gets  into  the  juice.  After  the  alcohol  is 
formed  it  may  be  converted  to  acetic  acid  by  the  action  of 
oxygen  from  the  air  in  the  presence  of  a  microorganism  called 
Bacterium  aceti.  The  fermented  fruit  juice  is  placed  in  kegs 
to  which  air  is  admitted.  The  Bacteria  aceti  form  films  which 
are  called  mother  of  vinegar  and  this  is  usually  best  obtained 
from  another  batch  of  vinegar.  Vinegar  so  made  is  not  ready 
for  use  until  the  action  has  been  going  on  for  several  months. 
Most  fruit  juices  produce  a  vinegar  which  is  about  5  percent 
acetic  acid  though  some  is  a  little  stronger  than  this.  The  food 
laws  require  that  the  vinegar  sold  shall  contain  not  less  than 
4  percent  of  acetic  acid. 

Quick  Vinegar  Process.  Now  that  the  manufacture  of 
vinegar  is  on  a  commercial  basis  it  is  necessary  to  speed  up  the 
time  required  for  the  conversion  of  fruit  juice  to  acetic  acid. 
This  is  accomplished  by  increasing  the  availability  of  the  oxy¬ 
gen  which  enters  the  reaction.  The  fruit  juice  is  fermented  in 
the  usual  manner  and  the  dilute  alcohol  solution  is  allowed  to 
trickle  down  over  tasteless  beechwood  shavings  which  have 
been  covered  with  mother  of  vinegar.  An  ample  supply  of  air 
is  made  available.  The  action  requires  only  a  few  days  and  the 
vinegar  is  satisfactory.  Some  manufacturers  use  dilute  alcohol 
for  the  process  in  place  of  fruit  juices  and  their  product  is  usu¬ 
ally  sold  as  “  sugar  vinegar.” 
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Acetic  acid  produced  in  this  manner  is  always  too  dilute  to 
use  in  other  industries  though  there  are  methods  for  its  con¬ 
centration.  The  largest  single  consumer  of  this  acid  is  the  manu¬ 
facture  of  cellulose  acetate.  This  requires  100  percent  acetic 
acid  as  a  starting  material.  Cellulose  acetate  is  used  in  non¬ 
explosive  motion  picture  film  and  in  the  type  of  rayon  known 
as  celanese. 

Esters.  Organic  acids  will  react  with  alcohols  to  give  com¬ 
pounds  which  may  be  compared  with  salts.  They  are  called 
esters.  This  reaction  is  typified  by  the  formation  of  an  ester 
with  ethyl  alcohol. 

O  O 

CH3C^-OH  +  C2H5OH  ->  CH3C— o — c2h5  +  h2o 

acetic  acid  ethyl  alcohol  ethyl  acetate 

There  are  many  esters  known.  Some  are  found  in  nature  in 
the  form  of  oils.  Oil  of  wintergreen  is  methyl  salicylate  which 
may  be  produced  from  methyl  alcohol  and  salicylic  acid. 
Natural  fats  are  esters  of  glycerin  with  long  chain  acids 
known  as  “  fatty  ”  acids.  Butter  contains  the  ester  of  glycerin 
and  butyric  acid.  It  is  the  decomposition  of  this  compound  into 
butyric  acid  which  causes  butter  to  have  a  bad  odor  when  it 
gets  old.  Ethyl  butyrate  is  the  essential  flavor  in  the  pineapple 
and  this  substance  is  used  as  an  artificial  flavoring.  Iso  amyl 
acetate  is  used  to  prepare  artificial  pear  essence.  Persons  who 
know  and  like  wines  will  pay  a  premium  price  for  one  which 
has  a  special  “  bouquet.”  This  is  produced  by  a  minute  quan¬ 
tity  of  certain  natural  esters  of  amyl  and  ethyl  alcohols  with 
small  amounts  of  acids  which  are  present. 

The  esters  are  among  our  most  important  solvents.  Ethyl 
acetate  and  butyl  acetate  are  particularly  useful  in  the  prepa¬ 
ration  of  lacquers.  These  esters  serve  to  dissolve  the  resinous 
material  of  which  the  lacquer  is  composed  and  they  evaporate 
after  it  has  been  spread.  Some  of  the  higher  boiling  esters  are 
mixed  with  artificial  resins  and  artificial  rubber  as  internal 
lubricants  called  plasticizers.  They  do  not  evaporate  but  re¬ 
main  in  the  body  of  material  keeping  it  pliable. 

Perfumes  and  Flavors.  Mankind  has  long  desired  the  pleas- 
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ant  effects  of  certain  perfumes  and  flavors.  We  are  told  that 
most  of  our  flavor  of  food  is  noticed  by  way  of  our  noses.  We 
used  to  believe  that  only  nature  could  prepare  those  rare  com¬ 
binations  of  substances  which  we  find  in  the  rose,  the  violet,  the 
jasmine,  and  the  orange  blossom.  Any  attempts  of  men  to 
duplicate  these  were  to  be  classed  as  pure  artificiality  and  a 
fraud.  Chemists  have  not  been  so  easily  discouraged,  and  some 
of  the  greatest  among  them  have  dared  to  find  out  the  chemical 
nature  of  these  materials.  Some  of  these  natural  odors  have 
been  made  in  the  laboratory,  and  now  the  chemist  is  an  essen¬ 
tial  part  of  the  perfume  industry. 

The  principal  ingredient  of  attar  of  roses  is  geraniol,  an 
unsaturated  alcohol. 

ch3  h  h  ch3  h 

!  Ill  I 

ch3 — C  =  C— C— C— C  =  C— C— OH 

III  II 

H  H  H  H  H 

By  careful  oxidation  this  may  be  converted  to  an  aldehyde 
with  the  same  molecular  arrangement.  It  is  called  citral. 

CH3  H  H  CH3  H 

I  I  I  I 

CH3— c  =  c— c— c— c  =  c— c  =  o 

H  H  H  H 

This  is  the  odor  in  lemons,  oranges,  and  verbena  flowers. 

The  particular  odor  of  rose  water  is  given  by  almost  pure 
phenyl  ethanol. 


H 
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The  essential  odor  of  violets  is  due  to  a  substance  called 


irone. 


ch3  CHs 

\p/h  H  H 

/  \  I  1  '  X 

H — (7  C— C  =  C— C— CH3 

H— C  .C— CH3 

X  h 

H  H 


The  great  American  flavor  is  that  from  the  vanilla  bean 
which  the  chemist  calls  vanillin.  It  is  a  derivative  of  phenol  and 
has  the  formula: 

OH 

I 

H — Or  NC— 0— CH3 

i  ii 

H-Sc/C-H 


C  =  0 

I 

H 


It  is  easily  prepared  and  is  many  times  stronger  than  the  natu¬ 
ral  product.  This  is  found  in  nature  together  with  another  sub¬ 
stance  called  coumarin  which  has  a  most  pleasant  odor.  Its 
formula  is: 


H 


H 


H — ^C— H 

I  II  I 

H — C.  ,C.  ,C  =  O 

\/ 


H 


380  HYDROCARBON  DERIVATIVES 


This  substance  is  used  with  vanillin  in  the  preparation  of  arti¬ 
ficial  vanilla  flavors.  In  perfumes  coumarin  gives  the  odor  of 
“  new  mown  hay.” 

It  is  not  intended  to  give  the  idea  that  good  perfume  may 
be  made  in  the  laboratory  by  direct  synthesis.  The  chemist  is 
able  to  make  most  of  the  substances  to  which  perfumes  owe 
their  fragrance  but  he  is  not  necessarily  able  to  produce  the 
exact  odor.  This  is  accomplished  by  blending  correct  amounts 
of  many  different  odors.  Just  as  the  musical  artist  may  blend 
a  hundred  instruments  and  the  color  artist  may  blend  his  shades 
of  color,  the  perfume  artist  may  blend  a  dozen  substances  to 
give  his  symphony  of  odor.  The  chemist  cannot  displace  the 
perfumer.  He  furnishes  better  and  cheaper  products  with 
which  the  perfumer  may  practice  his  art. 

War  Gases.  Because  of  the  trend  of  the  times  it  may  be  well 
to  give  brief  mention  to  the  war  gases.  According  to  the 
Chemical  Warfare  Service  there  are  four  types  of  gases  based 
upon  their  physiological  action. 

1.  Lung  injurants.  These  are  substances  which  cause  in¬ 
flammation  and  injury  to  the  interior  cavity  of  the  breathing 
organs.  Examples  are  phosgene  and  chlorpicrin. 


Cl 


\ 


C  =  0 


Cl' 


phosgene  (carbonyl  chloride) 


Cl 

I 

Cl— C— N02 

I 

Cl 


Chlorpicrin  (trichlorni- 
tromethane) 


2.  Irritants  (sternutators) .  These  are  substances  which  pro¬ 
duce  violent  sneezing  and  coughing.  They  cause  a  period  of 
temporary  physical  disability.  An  example  is  diphenylchlor ar¬ 
sine. 


Cl— As 


/ 

\ 


c6h5 

c6h5 


The  peculiar  effects  seem  to  be  caused  by  the  atom  of  arsenic. 


SUMMARY 


381 


3.  Lachrimators.  These  are  substances  which  produce  a  co¬ 
pious  flow  of  tears  and  intense  eye  pains.  The  effects  are  tem¬ 
porary.  Examples  are  bromacetone ,  brombenzylcy  anide ,  and 
chlor acetophenone. 


O 

CH3 — C— CH2Br 


bromacetone 


Br 

l  /° 

C6H5— C— CN  C6Ha — C—CH2C1 

!  chloracetophenone 

H 

brombenzylcyanide 


4.  V esicants.  These  are  substances  which,  when  absorbed  or 
dissolved  in  any  part  of  the  body,  produce  burns  with  destruc¬ 
tion  of  the  tissues.  Examples  are  mustard  gas  and  lewisite. 

ch2— ch2— Cl  Cl 

SX  Cl— CH  =  CH— AsX 

XCH2— CH2— Cl  lewisite  XC1 

mustard  gas 


The  most  deadly  of  all  are  mustard  gas  and  lewisite.  They 
are  not  gases  but  are  high  boiling  liquids.  Wherever  droplets 
of  them  touch  the  clothing  they  will  serve  as  sources  of  de¬ 
struction.  They  penetrate  clothing  and  even  rubber.  Their 
presence  in  contact  with  the  skin  is  just  as  bad  as  breathing 
them.  The  ground  where  these  gases  have  been  used  is  dan¬ 
gerous  to  human  beings  for  many  days  afterward  or  until  it 
has  been  treated  with  alkaline  material. 


SUMMARY 

Substances  which  may  be  produced  by  substituting  another 
element  or  group  of  elements  for  the  hydrogen  atoms  in  hydro¬ 
carbons  are  called  derivatives  of  the  hydrocarbons.  The  par¬ 
ticular  element  or  group  of  elements  so  substituted  determines 
the  class  into  which  the  derivative  is  placed. 

The  most  common  classes  discussed  are  the  chlorine  deriva¬ 
tives,  the  alcohols,  the  aldehydes,  the  acids,  the  esters,  and 
the  ethers.  These  are  related  in  that  the  chlorine  compounds 
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may  be  made  from  the  hydrocarbons  and  the  others  may  be 
prepared  from  them. 

The  chlorine  compounds  are  important  solvents  and  chem¬ 
ical  reagents.  The  alcohols  are  solvents,  antifreeze  substances, 
and  sources  of  compounds  through  chemical  change.  The  alde¬ 
hydes  are  substances  from  which  other  things  may  be  made. 
Acids  are  greatly  used  as  reagents  in  the  manufacture  of  sal¬ 
able  articles.  Esters  are  used  as  solvents.  Ethers  are  solvents 
and  ethyl  ether  is  an  anesthetic. 

Perfumes  and  flavors  are  derivatives  of  the  hydrocarbons 
and  many  of  them  are  made  synthetically.  The  natural  prod¬ 
ucts  are  mixtures. 

War  gases  are  classed  as  lung  injurants,  sternutators,  lachri- 
mators,  and  vesicants.  Most  of  these  are  hydrocarbon  deriva¬ 
tives  which  contain  chlorine  or  bromine  and,  in  many  in¬ 
stances,  arsenic. 


REVIEW  QUESTIONS 

1.  What  kinds  of  substances  are  classed  as  derivatives  of  the 
hydrocarbons? 

2.  Give  some  important  uses  of  carbon  tetrachloride.  Would 
you  expect  chloroform  to  catch  fire  easily? 

3.  What  is  “  freon”?  What  are  its  advantages  in  the  field  in 
which  it  is  used? 

4.  Outline  the  method  for  making  ethyl  fluid.  What  precau¬ 
tion  must  be  taken  by  those  working  with  this  substance? 

5.  How  do  we  make  sure  that  no  free  lead  will  be  ejected  from 
an  automobile  exhaust? 

6.  What  kind  of  chemical  reaction  is  characteristic  of  un¬ 
saturated  hydrocarbons? 

7.  What  are  the  important  uses  of  the  chlorine  derivatives? 

8.  What  do  we  mean  by  organic  radicals?  Give  some  ex¬ 
amples. 

9.  Can  ethyl  alcohol  be  prepared  from  ethyl  chloride?  How? 

10.  Can  ethyl  chloride  be  prepared  from  ethane?  How? 

11.  Give  the  commercial  methods  of  preparing  methyl  alcohol. 
Give  its  uses. 

12.  Outline  the  commercial  method  of  preparing  ethyl  alcohol. 
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13.  How  may  ethyl  alcohol  be  made  from  the  gas  obtained 
during  the  cracking  of  petroleum? 

14.  List  some  of  the  uses  of  ethyl  alcohol. 

15.  What  is  prestone?  How  is  it  made?  For  what  is  it  used? 

16.  What  is  our  principal  source  of  glycerin?  For  what  is  it 
used? 

17.  How  is  ether  made? 

18.  Give  some  important  uses  of  formaldehyde.  What  is  “  for¬ 
malin  ”? 

19.  Describe  the  process  used  in  vinegar  manufacture. 

20.  What  are  esters?  How  may  they  be  made?  For  what  pur¬ 
pose  are  they  used? 

21.  Why  is  it  that  the  chemist  is  unable  to  exactly  duplicate 
natural  perfumes  and  flavors? 

22.  Classify  war  gases  and  give  their  physiological  effects. 
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FATS 

All  of  the  plant  and  animal  fats  and  oils  which  occur  in 
nature  are  esters  produced  by  the  union  of  glycerin  with  an 
acid.  As  a  rule  these  acids  are  what  we  call  “  long  chain  ”  acids 
since  there  are  frequently  15  to  18  carbon  atoms  in  each  acid 
molecule.  The  common  fat  known  as  butter  contains  some  of 
the  ester  known  as  glyceryl  tributyrate. 

/° 

ch3— ch2— ch2— d-o— ch2 

ch3— ch2— ch2— c^o— ch 

/° 

ch3 — ch2 — CH2 — C— o — ch2 


The  acid  in  this  ester  contains  only  4  carbon  atoms  in  each 
molecule.  The  acid  itself  is  known  as  butyric  acid.  The  fat 
present  in  lard  is  partly  the  ester  formed  from  glycerin  and 

stearic  acid  (C17H35C— OH) . 


//° 

C17H35 — C— O — CH; 
C17H35 — C— O — CH 

c17h35— c^-o— ch2 


It  is  called  stearin.  At  room  temperature  this  fat  is  a  firm  white 
solid. 
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Olive  oil  is  a  mixture  of  various  fats.  It  contains  the  glycerin 
esters  of  stearic  acid,  palmitic  acid  (C15H31C— OH),  and  oleic 


O 


acid  (C17H33C— OH) .  Cottonseed  oil  contains  the  glycerin 
esters  of  these  three  acids  named  above  together  with  the  ester 


of  linoleic  acid  (CnHsiC— OH). 

Unsaturated  Fats.  If  we  compare  the  formulas  for  the  four 
acids  just  listed  we  can  see  that  two  of  them  do  not  have  all 
of  the  hydrogen  which  they  may  contain. 


Palmitic  acid 

\ 

Stearic  acid 
Oleic  acid 
Linoleic  acid 


Ci5H3iC^-OH 

C17H35C^-OH 

C17H33C'^OH 

/° 

CuHiC— OH 


saturated 

saturated 

unsaturated 

unsaturated 


solid 

solid 

liquid  above  14°  C. 
liquid  above  0°  C. 


Those  molecules  which  are  short  of  hydrogen  are  unsaturated 
and  this  causes  them  to  be  liquids  at  room  temperatures.  The 
glycerin  esters  of  these  unsaturated  acids  are  also  liquids  while 
the  glycerin  esters  of  the  saturated  acids  are  solids. 

Cooking  Fats.  This  difference  in  state  which  is  due  to  un¬ 
saturation  is  noticed  particularly  in  cooking  fats.  Lard,  which 
is  chiefly  olein,  is  a  soft  solid,  and  tallow  which  has  a  similar 
composition  but  contains  more  stearin  is  even  harder.  Olive 
oil,  cottonseed  oil,  and  other  vegetable  oils  which  are  chiefly 
esters  of  the  unsaturated  acids  are  all  liquids  at  room  tempera¬ 
ture.  Many  women  object  to  the  use  of  animal  fats  in  cooking, 
and  yet  they  want  a  solid  cooking  fat.  It  is  a  relatively  simple 
matter  to  convert  the  liquid  fats  into  solid  fats  by  means  of 
hydrogen.  For  instance,  the  addition  of  two  atoms  of  hydro¬ 
gen  to  oleic  acid  will  produce  stearic  acid  and  the  addition  of 
four  atoms  of  hydrogen  to  linoleic  acid  will  produce  stearic 
acid.  The  unsaturated  acids  contain  double  bonds  between  cer¬ 
tain  carbon  atoms  ( — C=C — )  just  as  we  saw  in  ethylene.  If 
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hydrogen  gas  under  pressure  is  stirred  up  with  the  unsaturated 
fat  in  the  presence  of  powdered  nickel  as  a  catalyst  we  find 
that  the  unsaturation  disappears  and  the  liquid  fat  becomes 
solid.  We  may  write  the  chemical  reaction  for  this  change. 


O 


c17h33— c^o— ch 


z0 

Ci7H36— c^-o— ch2 


./ 


0 


o 


Ci7H33 — C— O — CH  +  3H2 - >  Ci7H35 — C— O — CH 

Ni 


/° 

c17h33— c^-o— ch2 

glycerin  ester  of  oleic 
acid  called  olein 


200°  z/'* 

Ci7H35— C— 0— ch2 

stearin 


The  reaction  is  permitted  to  take  place  until  enough  stearin  is 
present  to  give  the  resulting  fat  the  correct  consistency  or 
body.  The  powdered  nickel  is  filtered  out  and  the  fat  sold  as 
“  Crisco,”  “  Spry,”  and  “  Snowdrift.” 

Paints.  Linseed  oil,  which  is  obtained  from  flax  seed,  con¬ 
tains  a  large  proportion  of  a  glycerin  ester  of  another  acid 
which  is  still  more  unsaturated.  The  acid  is  linolenlc  acid  and 
it  contains  three  sets  of  double  bonds  between  carbons  in 
each  molecule.  The  formula  for  this  ester  is: 

Ci7H29C^-0— ch2 

y°  I 

Ci7H29C— O — CH 

/O  I 

Ci7H29C^-0— ch2 

Because  of  the  amount  of  unsaturation  which  is  present  this 
substance  is  quite  reactive.  It  reacts  with  the  air  to  form  a 
resinous  material  which  will  finally  harden  to  a  tough  mass. 
If  spread  out  as  a  film  on  a  surface  this  oil  reacts  with  oxygen 
much  faster  and  forms  a  tough  protective  coating.  In  use  the 
oil  is  mixed  with  finely  powdered  solids,  called  pigments,  and 
the  resulting  material  is  called  paint. 

In  actual  practice  the  manufacture  of  paint  is  not  quite  so 
simple.  The  pigments  must  be  opaque  solids  ground  to  ex¬ 
tremely  fine  powder.  The  covering  power  of  the  paint  de- 
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pends  upon  this.  The  preparation  of  these  pigments  is  an  in¬ 
dustry  in  itself.  One  of  the  oldest  pigments  known  is  white 
lead  which  is  basic  lead  carbonate.  This  may  be  considered 
as  a  molecular  mixture  of  lead  carbonate  and  lead  hydroxide. 
Its  formula  is  Pb(OH)2*  2  PbCOs.  Additional  white  pigments 
are:  basic  lead  sulfate;  zinc  oxide;  lithopone,  which  is  an  espe¬ 
cially  prepared  mixture  of  zinc  sulfide  and  barium  sulfate;  and 
titanox,  which  is  titanium  dioxide.  The  finely  pulverized  sol¬ 
ids  are  ground  in  oil  and  then  mixed  with  additional  oil  and 
thinner  to  make  the  finished  paint.  The  hardness  of  the  finish, 
its  lasting  qualities,  and  the  ease  of  repainting  are  largely  de¬ 
pendent  upon  the  pigment  used. 

If  pure  linseed  oil  is  used  with  a  pigment  to  make  paint  the 
resulting  product  requires  considerable  time  to  dry.  It  does 
not  always  have  the  correct  body  and  it  may  be  inclined  to 
run  or  flow  after  being  applied  to  a  wall.  To  correct  this  diffi¬ 
culty  the  oil  is  treated.  Some  of  the  oil  may  be  “  blown.”  In 
this  process  the  oil  is  heated  and  air  is  blown  through  it  in 
order  to  raise  its  viscosity  and  give  it  body.  To  speed  up  dry¬ 
ing  it  is  customary  to  include  a  certain  amount  of  “  boiled  ” 
oil  in  the  paint.  This  term  is  misleading  since  the  oil  so  called 
has  not  really  been  boiled.  It  has  been  heated  with  a  small 
amount  of  the  oxides  of  lead  and  manganese.  These  serve  as 
catalysts  and  cause  the  resulting  product  to  react  with  oxygen 
much  faster. 

Linseed  oil  is  not  the  only  oil  used  in  the  manufacture  of 
paint  and  it  is  not  always  the  best  to  use  under  certain  condi¬ 
tions.  It  is,  however,  the  most  widely  used  in  paint  for  the 
exterior  of  buildings.  One  of  the  chief  competitors  of  this  oil 
is  tung  oil  which  is  usually  referred  to  as  chinawood  oil.  Tung 
oil  is  composed  of  various  unsaturated  oils  and  when  properly 
treated  is  a  superior  oil  for  paints  and  varnish.  It  is  more  resist¬ 
ant  to  water  than  linseed  oil  and  it  dries  much  faster.  In  order 
to  give  the  paint  film  added  pliability  it  is  customary  to  include 
a  small  amount  of  an  oil  such  as  soy  bean  oil  which  does  not  dry 
so  hard  as  the  usual  paint  oils.  It  then  acts  as  an  internal  lubri¬ 
cant. 
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Courtesy  of  The  Procter  and  Gamble  Company 


Fig.  99.  The  Kettle  Room 

Each  kettle  is  three  stories  deep  and  will  hold  almost  300,000  pounds  of  soap 

—  10  carloads. 


Varnish.  As  ordinarily  used  the  term  varnish  is  applied  to 
solutions  of  various  resins  in  solvents  and  thinners.  These  resins 
may  be  naturally  occurring  ones  such  as  shellac,  rosin,  and 
copal,  or  they  may  be  synthetic  material.  If  the  resins  are  dis¬ 
solved  in  linseed  oil  or  tung  oil  the  varnish  dries  by  reaction 
with  oxygen.  Such  drying  must  be  speeded  up  with  “  driers  ” 
which  are  the  salts  and  oxides  of  lead,  cobalt,  and  manganese. 
If  the  varnish  dries  by  the  evaporation  of  the  solvent  or  thin¬ 
ner  it  is  called  a  spirit  varnish.  Shellac  is  such  a  varnish. 

SOAP 

All  of  the  natural  fats  will  react  with  sodium  hydroxide  or 
other  alkaline  materials  ( saponification )  to  give  a  salt  of  the 
“  fatty  ”  acid  together  with  glycerin. 
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Courtesy  of  The  Procter  and  Gamble  Company 

Fig.  100.  Look  into  an  Empty  Kettle. 

The  steam  pipes  three  stories  below  are  perforated  and  serve  to  heat  the 
mixture  of  alkali  and  oil  when  the  kettle  is  full. 


//° 

(C17H36C^-0— )3C3H5  +  3NaOH 


Stearin 


>0 


3C17H35C— O— Na 

sodium  stearate 
(soap) 


+ 


C3H6(OH)3 

glycerin 


It  just  happens  that  the  sodium  (and  potassium)  salts  of  these 
long  chain  acids  act  in  such  a  way  that  we  can  use  them  for 
soap.  The  glycerin  is  separated  from  the  soap  by  the  addition 
of  salt  to  the  hot  water  solution  of  the  mixture.  The  soap  is 
insoluble  in  hot  salt  water  and  floats  to  the  surface  where  it  is 
removed  to  molds  for  cooling.  The  water  is  evaporated  and 
the  glycerin  and  salt  recovered.  The  largest  supplies  of  glyc¬ 
erin  come  from  the  manufacture  of  soap,  but  it  can  be  pro¬ 
duced  from  other  sources. 
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It  has  been  pointed  out  that  the  solid  or  liquid  nature  of  a 
fat  depends  upon  whether  or  not  the  molecules  are  saturated. 
In  much  the  same  way  we  can  say  that  the  firmness  of  a  soap 
depends  upon  the  same  thing.  If  a  soap  is  made  up  entirely  of 
sodium  stearate  it  is  so  firm  and  has  such  a  high  melting  point 

that  extremely  hot  water 
must  be  used  in  order  to 
produce  a  lather.  Such  a 
soap  is  satisfactory  for 
laundry  machine  use  but  is 
wasted  if  used  for  hand 
dishwashing  or  toilet.  If  the 
soap  contains  some  sodium 
oleate  its  melting  point  is 
considerably  lower  and  it 
lathers  well  in  moderately 
warm  water.  All  of  this 
may  be  controlled  by  using 
the  correct  mixture  of  fats 
in  the  soap  manufacture. 

A  considerable  amount 
of  soap  is  made  entirely 
from  vegetable  oils.  In 
many  instances  these  oils 
are  first  treated  with  hy¬ 
drogen  as  in  the  manufac¬ 
ture  of  cooking  fat.  This  treatment  increases  the  percentage 
of  saturated  compounds  in  the  oil  and,  by  this  means,  brings 
about  the  formation  of  the  correct  mixture  for  the  soap 
wanted.  The  making  of  good  soap  has  grown  into  a  complex 
business  and  in  the  United  States  has  achieved  considerable 
proportions.  Some  idea  of  the  enormous  size  of  the  industry 
may  be  obtained  from  the  fact  that  in  a  normal  year  the  pro¬ 
duction  of  soap  and  soap  products  exceeds  2,000,000,000 
pounds  in  this  country  alone.  This  soap  is  produced  from 
tallow,  garbage  grease,  coconut  oil,  olive  oil,  palm  oil,  fish  oil, 
cottonseed  oil,  corn  oil,  and  soy  bean  oil.  The  use  to  which 
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Fig.  101.  Blowing  Bubbles 

Liquid  soap  is  sprayed  into  the  top 
of  this  tower  with  steam  pressure.  As 
the  small  bubbles  descend  they  are 
dried  to  form  beads  or  granules. 
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the  soap  is  to  be  put  determines,  to  some  extent,  the  type  and 
source  of  fat  used  in  its  manufacture. 

Soap  and  Hard  Water.  It  was  pointed  out  earlier  that  hard¬ 
ness  of  water  is  due  to  calcium  and  magnesium  compounds 
which  may  be  present.  With  soap  these  compounds  form  in¬ 
soluble  substances  which  appear  as  a  scum  on  the  water  and 
the  ring  on  the  washbowl  or  bathtub.  We  may  write  the  reac¬ 
tion  for  their  formation. 


2 C17H35 C— O — N a  +  CaCl2  ->  (Ci7H35C^O)2Ca  +  2NaCl 

soap  calcium  stearate 

(insoluble) 


Until  all  of  the  calcium  and  magnesium  salts  have  been  used 
up  it  is  impossible  to  produce  a  lather  in  hard  water.  It  follows 
from  this  that  considerable  soap  must  be  wasted  wherever 
hard  water  is  used.  Many  softening  agents  are  used  to  prevent 
this  loss  of  soap. 

Soapless  Soaps.  Within  recent  years  a  new  type  of  cleans¬ 
ing  agent  has  appeared.  The  esters  which  are  present  in  fats 
may  be  treated  with  hydrogen  in  the  presence  of  a  catalyst 
made  from  the  oxides  of  copper  and  chromium.  Under  such 
conditions  these  long  chain  acids  are  changed  to  the  corre¬ 
sponding  alcohols.  This  has  been  applied  particularly  to  a  fat 
which  is  prepared  from  coconut  oil. 


H 


y 


O 


ChH23C^O— C2H5  +  2H2  CnH23C— OH  +  C2H5OH 

ethyl  laurate 

H 

lauryl  alcohol 


The  resulting  alcohol  will  react  with  sulfuric  acid  to  form  a 
sulfonated  product. 

CnH23CH2OH  +  H2S04  ->  ChH23CH20S03H  +  H20 

lauryl  alcohol  lauryl  sulfonic  acid 


With  caustic  soda  or  sodium  carbonate  this  last  product  forms 
the  sodium  salt  (CiiH23CH20S03Na)  which  has  remarkable 
properties  when  used  in  place  of  soap.  It  causes  water  to  lather 
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and  hard  water  does  not  affect  it  in  any  way.  Thus  it  will 
lather  just  as  well  in  hard  water  as  in  soft  water.  This  is  due 
to  the  fact  that  its  calcium  and  magnesium  salts  are  soluble  in 
water.  There  are  several  such  sulfonated  compounds  used  and 
they  are  sold  under  trade  names  such  as  “  dreft  ”  and  “  gar- 
dinol.”  These  products  cost  more  than  soap  but  are  cheaper 
to  use  in  hard  water. 

Fats  as  Foods.  Fats  and  oils  are  essential  food  materials. 
They  serve  as  fuel  to  keep  the  body  warm  and  to  supply 
energy.  Also  they  serve  as  material  for  building  fatty  tissue 
within  the  body.  It  is  very  necessary  to  realize,  however,  that 
fats  cannot  be  utilized  by  the  body  until  they  pass  through  the 
walls  of  the  digestive  organs.  These  digestive  organs  are  the 
stomach  and  the  intestines,  the  walls  of  which  are  like  any 
other  animal  membranes.  They  are  like  very  fine  sieves  or 
filters.  It  is  possible  for  small  molecules  in  water  solution  to 
pass  through  them  but  larger  molecules  are  held  back.  Now 
the  molecules  of  fat  are  large  and  since  there  are  three  large 
acid  radicals  hanging  on  to  one  glycerin  radical  it  is  almost 
like  the  branches  of  a  small  tree.  Any  one  of  the  branches 
alone  may  pass  through  the  walls  of  the  intestines  but  taken 
all  together  it  would  be  like  trying  to  put  a  small  tree  through 
the  openings  of  a  tennis  net.  The  body  has  solved  this  prob¬ 
lem  in  a  most  wonderful  way.  The  branches  are  cut  off  from 
the  molecule  and  each  part  passes  through  separately.  Once 
through  the  walls  of  the  digestive  organs  the  branches  recom¬ 
bine  and  form  the  fat  again  unless  they  are  first  burned  as 
fuel. 

This  process  may  be  described  chemically.  We  have  seen 
how  fats  may  be  split  into  glycerin  and  fatty  acids  by  means 
of  alkali.  This  process  is  called  saponification.  The  body  car¬ 
ries  on  just  such  a  saponification  but  is  able  to  do  it  remark¬ 
ably  well.  Now  the  contents  of  the  stomach  are  acid  because 
dilute  hydrochloric  acid  is  delivered  to  the  stomach  by  cer¬ 
tain  glands.  Because  of  this  it  is  impossible  for  the  fats  to  be 
saponified  in  the  stomach.  Near  the  first  part  of  the  small  in¬ 
testine  there  are  two  small  openings.  One  of  these  forms  a  con- 
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nection  with  the  gall  bladder  which  empties  an  alkaline  solu¬ 
tion  called  the  bile  into  the  small  intestine  whenever  a  fat  is 
present.  This  alkali  may  start  the  saponification  of  the  fat  but, 
more  important  still,  it  causes  the  fat  to  break  up  into  small 
droplets.  These  are  suspended  very  much  like  colloidal  par¬ 
ticles  in  the  fluid  of  the  intestine.  The  other  opening  into  the 
intestine  forms  a  connection  with  the  gland  known  as  the 
pancreas.  From  this  gland  there  is  emptied  into  the  intestine  a 
fluid  known  as  the  pancreatic  juice.  Within  this  juice  there 
are  several  substances  which  act  as  catalysts  (enzymes)  for 
digestive  processes.  It,  too,  is  alkaline. 

From  the  standpoint  of  the  digestion  of  fats  we  shall  men¬ 
tion  one  of  these  catalysts  called  steapsin ,  which  actually 
means  “  to  digest  stearin.”  This  enzyme  comes  into  contact 
with  the  small  droplets  of  fat  and  causes  the  molecules  to  split 
into  the  acid  and  glycerin. 

(C17H35C^O)3C2H5  +  H20  ->  3Ci7H35C— OH  +  C3H6(OH)3 

stearin  stearic  acid  glycerin 

Each  of  these  substances  may  then  pass  through  the  walls  of 
the  intestine  into  the  blood  stream  where  it  is  properly  cared 
for.  All  of  the  fat  so  digested  which  is  not  used  as  fuel  is  re¬ 
combined  to  form  fat  and  then  stored  in  the  fatty  tissues 
within  the  body. 


SYNTHETIC  RESINS 

The  natural  resins  such  as  rosin  and  shellac  are  esters  of 
fatty  acids  with  alcohols  other  than  glycerin.  They  occur  as 
products  from  the  sap  of  trees  or  from  insects.  These  have  long 
been  known  and  used  in  varnish  manufacture.  Synthetic  resins 
are  now  displacing  them  from  many  of  their  former  fields  of 
usefulness  and  are,  in  many  cases,  superior  to  the  natural  prod¬ 
ucts.  Because  of  this  similarity  of  usefulness  it  may  be  well  to 
consider  the  entire  field  of  synthetic  resins  at  this  time. 

Bakelite.  As  early  as  1872,  Baeyer,  a  German  chemist,  dis¬ 
covered  that  phenol  (carbolic  acid)  would  react  with  various 
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aldehydes  in  the  presence  of  acids,  or  bases,  or  ammonia,  to 
give  a  sticky  mess.  After  this,  a  number  of  other  investigators 
tried  to  use  this  reaction  in  the  preparation  of  a  useful  com¬ 
mercial  resin.  All  of  them  failed  until  an  American  chemist, 
Bakeland,  in  1909  found  how  to  do  it. 

In  general,  the  process  involves  heating  formaldehyde  with 
phenol  until  a  reaction  takes  place.  The  relative  amounts  of 
the  two  reactants  determine  the  hardness  of  the  finished  prod¬ 
uct.  The  amount  of  catalyst,  and  whether  it  is  an  acid,  base, 
or  ammonia  determines  the  properties  of  the  resin.  The  rate  as 
well  as  the  length  of  heating  has  much  to  do  with  the  process 
also.  The  conditions  are  worked  out  and  controlled  exactly  so 
that  the  same  equipment  may  turn  out  a  transparent  plastic 
material  or  an  opaque  hard  product. 

The  chemistry  involved  brings  in  little  that  is  new.  The 
large  molecules  necessary  for  the  resin  are  formed  from  the 
union  of  a  number  of  smaller  molecules. 


H— C 

! 

H— C 


/ 

) 

H 

phenol 


H 

C— OH  I  H— C 

||  +  H— C  =  O  -> 

,C — H  formaldehyde  H — C 


C— OH 

II 

,C — CH2OH 


H 

first  product 


The  first  product  upon  prolonged  heating  may  polymerize  by 
splitting  out  water. 
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It  will  be  noticed  that  this  substance  still  has  an  arrangement 
of  its  atoms  similar  to  that  in  the  first  product.  It  can  react 
with  yet  other  molecules  and  finally  yield  molecules  of  enor¬ 
mous  size. 

The  amount  of  formaldehyde  used  may  be  increased. 

OH 

I 

C 

H — 0/  X— H  H 

I  I  I 

H — CL  .C — H  +  2H — C  =  O 

H 

This  new  material  has  two  points  in  each  molecule  where  fur¬ 
ther  reaction  may  take  place  and  upon  further  heating  we 
will  get  molecules  with  chains  going  in  two  directions  with 
cross  links  between  them.  These  may  be  compared  with  the 
structure  of  wire  netting.  A  resin  made  under  these  condi¬ 
tions  is  hard  and  firm. 

By  careful  control  of  the  amounts  of  reactants  together  with 
the  heating  time  it  is  possible  to  get  a  product  which  is  soluble 
in  certain  solvents.  The  resulting  solution  may  be  called  a  var¬ 
nish.  After  application  to  a  metal  surface  it  may  be  heated  and 
thus  caused  to  form  larger  molecules  which  are  no  longer  sol¬ 
uble  in  ordinary  solvents.  Heating  is  said  to  “  cure  ”  the  resin. 

Instead  of  making  a  resin  which  is  soluble  in  solvents  the 
process  may  be  changed  to  give  a  solid  which  can  be  ground 
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to  a  powder  or  cast  into  rods.  Upon  heating,  these  become  soft 
and  may  be  molded  to  any  desired  shape.  The  heating  also 
brings  about  further  chemical  union  with  the  formation  of 
large  molecules  and  a  resulting  increase  in  hardness  and  eleva¬ 
tion  of  melting  point.  In  fact,  the  material,  after  this  heat  treat¬ 
ment,  will  char  without  any  signs  of  melting.  In  order  to 
obtain  a  compact  product  this  molding  is  done  at  high  pres¬ 
sures  of  2,000  pounds  or  more  and  at  150°  to  200°  C.  To  im¬ 
prove  the  working  qualities  of  the  material  to  be  molded  it  is 
general  practice  to  mix  wood  flour  or  other  fine  fibrous  ma¬ 
terial  with  the  resin.  This  also  improves  the  strength  of  the 
finished  product. 

Resins  prepared  as  just  described  are  used  in  molding  auto¬ 
mobile  parts,  telephone  equipment,  handles  of  various  kinds, 
and  electrical  insulators. 

Alkyd  Resins.  Within  the  past  ten  years  we  have  seen  the 
production  of  resins  in  ever-increasing  amounts.  These  fall 
into  general  classes  of  similar  materials  and  we  shall  not  attempt 
to  identify  them  as  particular  substances.  Way  back  in  1847 
a  Swedish  chemist,  by  the  name  of  Berzelius,  discovered  that 
tartaric  acid  and  glycerin  would  react  together  to  give  a 
resin.  In  those  days  when  a  chemical  reaction  produced  a  resin 
you  did  not  try  to  find  a  use  for  it;  you  threw  it  away  and, 
if  possible,  kept  from  getting  it  again.  Now  tartaric  acid  mole¬ 
cules  have  two  acid  groups.  When  these  react  with  glycerin 
an  ester  is  formed. 
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glyceryl  tartrate  (an  ester) 
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You  will  notice  that  the  glyceryl  tartrate  still  has  one  hydroxyl 
group  which  can  react  with  half  of  another  molecule  of  acid. 
The  other  half  will  have  to  find  another  molecule  of  glycerin 
somewhere.  When  these  molecules  get  all  mixed  up  they  can¬ 
not  tell  what  they  are  reacting  with  and  before  we  know  it 
they  have  formed  some  large  molecules.  This  should  produce  a 
resin. 

The  resin  so  produced  is  formed  from  an  alcohol  and  an 
acid.  In  order  to  name  these  resins  someone  took  “  al  ”  from 
“  alcohol  ”  and  “  cid  ”  from  “  acid  ”  and  combined  them.  For 
the  purpose  of  pronunciation  this  has  been  changed  to  “  al¬ 
ky  d  ”  and  this  name  has  stuck.  They  are  now  called  the  alkyd 
resins. 

The  resins  formed  from  tartaric  acid  were  not  very  good. 
Later  it  was  discovered  that  phthalic  anhydride  would  behave 
like  tartaric  acid  and  do  better.  With  glycerin  this  reacts  to 
produce  an  ester. 


H 


C  O 

H — C/  XC— 


H 

i 

HO— C— H 


O  +  HO— C— H 


H"C\  /C_C\ 

XCX  O  HO— C— H 


H 

phthalic  anhydride 


H 

glycerin 


-> 


H 


H 


H — Q/  XC — C— O — C — H 


,0 


H— Cv  ,C — Ox— O — C — H 

xcx  X0  I 

I  HO— C— H 

H  I 

H 


+  H20 


glyceryl  phthalate 


398  FATS.  SOAP.  SYNTHETIC  RESINS 


The  phthalic  anhydride  reacts  with  only  a  part  of  the  glycerin 
molecule  just  as  tartaric  acid  did.  Further  reaction  causes  the 
formation  of  large  molecules  to  give  a  resin.  If  the  reaction  is 
permitted  to  continue  it  finally  produces  a  completely  hard 
substance.  By  including  a  small  amount  of  an  acid  having  just 
one  acid  group  to  the  molecule,  or  a  small  amount  of  an  alcohol 
with  only  one  hydroxyl  group  to  the  molecule,  the  acid  and 
alcohol  will  come  out  even  once  in  a  while  and  thus  limit  the 
size  of  the  molecules.  Hence  it  is  possible  to  get  various  stages 
of  hardness.  This  makes  these  resins  quite  adaptable. 

If  you  will  recall,  in  the  discussion  of  solutions  we  said  that 
“  like  dissolves  like.”  These  alkyd  resins  are  esters.  Rosins  and 
other  natural  resins  are  esters.  Linseed  oil  and  tung  oil  are  esters 
also.  Here  we  have  a  natural  set  up  for  the  inclusion  of  alkyd 
resins  in  paints  and  varnishes  of  all  descriptions.  They  will  mix 
in  a  satisfactory  manner  with  almost  anything  which  goes  into 
a  surface  coating.  By  including  certain  nondrying  acids  within 
their  make-up  it  is  possible  to  have  the  plasticizer  or  internal 
lubricant  as  a  part  of  the  molecules.  This  prevents  their  loss 
through  evaporation.  It  is  small  wonder  that  these  resins  are 
used  in  the  finishes  for  fine  automobiles  and  the  best  of  furni¬ 
ture. 

Other  Resins.  The  preceding  discussion  gives  some  idea  of 
the  essential  principles  of  resin  formation.  To  discuss  all  of  the 
types  of  resins  at  such  length  would  occupy  much  space  and 
include  little  that  is  new.  Some  of  these  are  listed  with  the  es¬ 
sential  reaction  of  their  formation. 

Acrylic  resins  are  formed  from  esters  of  acrylic  acid.  A 
widely  used  substance  is  the  methyl  ester. 

//° 

CH2  =  CH — C— OCH3 

This  substance  is  unsaturated  and  exceedingly  reactive.  Under 
the  influence  of  light,  heat,  and  oxygen  it  polymerizes  to  form 
long  chains.  Such  large  molecules  as  result  are  resins. 

These  particular  resins  are  entirely  colorless  and  as  clear  as 
the  finest  glass.  They  are  cast  into  sheets  and  used  in  place  of 
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glass  in  airplanes.  Because  of  their  crystal  clearness  they  may 
be  used  for  spectacle  and  other  lenses  which  may  be  molded. 
Along  the  roadside  we  see  reflectors  which  are  made  of  this 
material.  Since  these  resins  may  be  colored  with  pigments  they 
are  finding  use  in  making  dentures  and  the  exact  color  of  the 
mouth  may  be  duplicated.  Rods  of  these  resins  possess  the 
unique  property  of  bending  light.  Light  entering  at  one  end 
of  a  rod  will  follow  the  rod  in  spite  of  bends.  A  popular  name 
for  this  material  is  “  lucite.” 

Styrene  resins  are  produced  by  the  polymerization  of  sty¬ 
rene. 


H 


H— C 

I 

H— C 


H 
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This  forms  long  chain  molecules  which  are  colorless  and  ex¬ 
tremely  clear.  Such  resins  may  be  colored  to  any  desired  shade 
and  molded  exactly  to  any  shape.  They  resist  chemical  action 
and  films  of  thinnest  dimensions  have  unusual  insulation  prop¬ 
erties.  A  common  name  is  “  styron.” 

Vinyl  resins  are,  in  general,  produced  from  derivatives  of 
vinyl  alcohol. 

CH2  =  CH— OH 

Usually  the  acetic  acid,  or  the  butyric  acid,  esters  are 
caused  to  polymerize  in  the  presence  of  a  catalyst.  The 
unsaturated  molecules  react  together  to  form  long  chain  mole¬ 
cules.  After  this  some  of  the  acid  radicals  may  be  saponified 
off  by  means  of  alkalies  or  other  changes  may  be  brought 
about,  but  the  essential  characteristics  of  these  resins  remain 
unchanged.  A  great  use  of  resins  of  this  type  is  in  the  middle 
of  shatter-proof  glass  where  it  binds  the  glass  and  prevents 
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flying  splinters  in  case  the  glass  is  broken.  A  well-known  name 
among  such  resins  is  “  vinylite.” 

Urea  resins  are  interesting,  indeed,  since  they  are  made  from 
the  four  gases:  ammonia,  carbon  dioxide,  hydrogen,  and  car¬ 
bon  monoxide.  Ammonia  and  carbon  dioxide  are  used  to  pro¬ 
duce  urea. 

,NH2 

o  =  cx 

xnh2 


Carbon  monoxide  and  hydrogen  react  to  form  methyl  alcohol 
from  which  formaldehyde  may  be  produced.  Urea  and  for¬ 
maldehyde  react  by  forming  large  molecules. 


yNH2 

0  =  cx  + 
nh2 


urea 
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reaction  product 


Under  the  influence  of  heat  and  acids  these  molecules  which 
are  first  produced  react  with  each  other  to  give  a  hard  and 
inert  product.  By  controlling  the  reaction  the  products  may 
be  used  for  “  crush-proofing  ”  fabrics,  heat-setting  adhesives, 
tableware,  and  enamels  which  are  baked  on.  These  products 
are  known  as  “  beetle  ”  or  “  plaskon.” 

Cellulose  resins  include  those  substances  which  are  made  by 
treating  cellulose  with  nitric  and  sulfuric  acids  (nitrocellulose) , 
or  with  acetic  anhydride  and  acetic  acid  (cellulose  acetate). 
These  products  find  use  in  the  general  plastic  field  but  the  dis¬ 
cussion  of  their  formation  will  be  given  under  the  chemistry 
of  cellulose. 

Future  of  Resins.  The  general  field  of  resins  has  another 
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name  which  is  just  as  appropriate.  All  of  these  things  are  classed 
as  plastics.  The  public  seems  to  like  the  latter  name  and  so  we 
hear  much  of  the  plastics  industry.  The  present  trends  are 
for  everincreasing  expansion  among  all  of  the  manufacturers. 
The  materials  are  constantly  improving  and  the  prices  are  go¬ 
ing  down  each  year.  Methods  of  fabrication  of  finished  prod¬ 
ucts  are  gradually  being  improved  and  the  number  of  articles 
and  uses  are  increasing.  There  can  be  no  doubt  as  to  the  place 
of  plastics  in  our  everyday  living.  They  £11  a  need  and  are 
here  to  stay. 


SUMMARY 

Fats  are  esters  of  glycerin  with  fatty  acids.  Those  with 
long  chain  saturated  acids  are  solids  or  semisolids  and  similar 
ones  with  unsaturated  acids  are  liquids.  The  liquids  may  be 
converted  into  solids  by  hydrogenation. 

Paints  contain  pigments  suspended  in  an  unsaturated  oil 
such  as  linseed  oil.  This  oil  will  react  with  the  oxygen  of  the 
air  to  form  a  tough  film.  The  reaction  with  oxygen  is  hastened 
by  the  addition  of  driers  and  the  paint  is  made  more  fluid  by 
the  addition  of  thinners. 

Varnish  is  made  up  of  resins  dissolved  in  drying  oils  such 
as  linseed  oil  and  tung  oil,  or  in  solvents  such  as  alcohols  and 
turpentine.  The  first  of  these  dries  by  oxidation  while  the  latter 
dries  by  evaporation  of  the  solvent.  Varnish  which  contains 
a  pigment  is  called  an  enamel. 

Soap  is  made  by  treating  an  animal  or  vegetable  oil  or  fat 
with  alkali.  The  sodium  and  potassium  salts  of  long  chain  fatty 
acids  are  soaps.  Glycerin  is  a  by-product  of  soap  manufacture. 

Soapless  soaps  are  the  sodium  salts  of  sulfonic  acids  made 
from  alcohols  with  twelve  or  more  carbon  atoms  in  their  mole¬ 
cules.  These  salts  are  not  affected  by  hard  water  though  their 
cost  is  greater  than  that  of  soap. 

Fats  are  digested  by  a  process  of  saponification  brought 
about  by  enzymes.  The  acid  and  glycerin  pass  through  the 
walls  of  the  digestive  tract  and  recombine  to  form  fat. 

Synthetic  resins  are  taking  the  place  of  natural  resins  and 
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finding  new  uses  for  themselves.  All  of  these  are  formed  by 
processes  whereby  a  number  of  small  molecules  combine  to 
form  large  molecules.  Under  the  influence  of  heat  many  of 
these  form  still  larger  molecules  which  are  solids  at  all  tem¬ 
peratures  up  to  their  burning  point. 


REVIEW  QUESTIONS 

1.  What  is  the  difference  between  a  plant  oil  and  petroleum? 

2.  To  what  class  of  organic  compounds  do  fats  belong? 

3.  What  is  the  difference  between  animal  fats  and  vegetable 
oils? 

4.  How  may  a  vegetable  oil  such  as  cottonseed  oil  be  con¬ 
verted  to  a  fat? 

5.  What  property  makes  possible  the  use  of  linseed  oil  in 
paint? 

6.  Why  do  some  paints  contain  an  oil  such  as  soy  bean  oil? 

7.  Name,  and  identify  chemically,  some  of  the  white  pig¬ 
ments. 

8.  Explain  the  difference  between  raw  and  boiled  linseed  oil. 

9.  In  what  respect  does  a  varnish  differ  from  a  paint? 

10.  Describe  the  manufacture  of  soap.  What  is  the  by-product? 

11.  For  general  household  use  most  persons  prefer  a  powdered 
or  a  flaked  soap.  Would  the  source  or  kind  of  fat  used  in  its 
manufacture  make  any  difference? 

12.  What  causes  the  curd  which  one  gets  with  soap  in  hard 
water?  How  prevent  it? 

13.  What  do  we  mean  by  soapless  soaps?  What  is  their  ad¬ 
vantage? 

14.  Trace  the  digestion  of  a  fat  in  the  body.  How  is  this  like 
soap  making? 

15.  To  what  extent  are  the  synthetic  resins  formed  by  processes 
which  are  alike? 

16.  Why  do  most  synthetic  resins  set  to  permanent  solids  upon 
prolonged  heating? 

17.  Why  are  the  alkyd  resins  so  much  used  in  surface  coatings? 

18.  Would  you  class  the  manufacture  of  synthetic  rubber  with 
that  of  resins?  Why? 
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CARBOHYDRATES 

The  process  which  we  call  photosynthesis  is  really  a  marvelous 
thing.  We  have  considered  the  fats  which,  in  plants,  are  formed 
by  this  photosynthetic  process  using  carbon  dioxide  and  water 
as  the  raw  materials.  These  substances  are,  for  the  most  part, 
made  up  of  carbon  and  hydrogen  with  only  a  little  oxygen. 
They  are  almost  completely  insoluble  in  water  but  are  soluble 
in  petroleum  hydrocarbons.  Now  we  come  to  another  group 
of  substances  formed  by  photosynthesis.  These,  too,  contain 
carbon  and  hydrogen,  but  the  percentage  of  oxygen  is  much 
greater  than  in  the  fats.  They  are  known  as  the  carbohydrates. 
Those  which  are  soluble  will  go  into  solution  in  water  but  are 
insoluble  in  petroleum.  This  fact  alone  indicates  a  consider¬ 
able  difference  between  the  fats  and  these  carbohydrates. 

The  common  representatives  of  the  carbohydrates  are  the 
sugars  (there  are  many  sugars),  starch,  and  cellulose.  During 
the  early  days  of  chemistry  as  a  science  all  of  these  which  were 
known  were  analyzed.  They  were  found  to  contain  carbon, 
hydrogen,  and  oxygen.  For  some  strange  reason  the  hydrogen 
and  oxygen  are  present  in  the  proper  proportions  to  form  wa¬ 
ter.  When  strongly  heated,  these  substances  decomposed  with 
the  formation  of  free  carbon  and  the  evolution  of  steam.  There 
were  some  other  things  which  came  off,  too,  but  they  made 
little  impression  on  the  workers.  Someone  suggested  that  these 
substances  were  compounds  of  carbon  and  water,  much  like 
the  water-containing  crystals  which  we  call  hydrates.  Thus 
the  name  carbohydrate.  We  now  know  that  these  are  not  hy¬ 
drates  of  carbon  at  all  but  the  original  name  sounds  well,  and 
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no  one  has  thought  of  a  better  one,  so  they  are  still  carbohy¬ 
drates. 

The  Sugars.  The  name  of  sugar  has  been  applied  to  a  cer¬ 
tain  group  of  carbohydrates  which  have  a  sweet  taste.  In  so 
far  as  we  are  concerned,  there  are  two  important  classes  of 
sugars,  monosaccharides  and  disaccharides.  Monosaccharides 
have  the  general  formula  C6H1206  and  cannot  be  broken  down 
into  more  simple  sugars.  For  this  reason  they  are  called  the 
simple  sugars.  The  disaccharides  have  the  general  formula 
C12H22OH.  By  their  reaction  with  water  these  may  usually  be 
converted  to  more  simple  sugars  with  the  formula  C6H1206. 
The  common  monosaccharides  are  dextrose  (glucose  or  grape 
sugar)  and  levulose  (fructose  or  fruit  sugar).  The  common 
disaccharides  are  sucrose  (cane,  beet,  or  maple  sugar),  maltose 
(malt  sugar) ,  and  lactose  (milk  sugar) . 

Dextrose  and  Levulose.  When  we  discussed  photosynthe¬ 
sis  it  was  suggested  that  formaldehyde  was  formed  from  water 
and  carbon  dioxide.  This  substance  polymerizes  to  form  the 
simple  sugars. 

6CH2O  — >  c6h12o6 

formaldehyde  monosaccharide 

The  chemical  structure  of  dextrose  shows  it  to  be  an  alcohol 
“  five  times  over  ”  and  an  aldehyde  also. 

H 

1 
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The  broken  lines  are  supplied  to  indicate  these  two  kinds  of 
groups  within  the  molecule.  There  is  an  isomer  of  glucose 
which  is  called  levulose. 
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Courtesy  of  the  Corn  Products  Refining  Company 

Fig.  102.  Converters 

Each  of  these  converters,  made  of  bronze  to  resist  chemical  action,  holds 
2,200  gallons.  In  them  the  starch  is  converted  to  dextrose  by  the  use  of  water 
containing  hydrochloric  acid  which  is  heated  under  pressure. 

In  certain  plants  such  as  the  sugar  cane  and  sugar  beet  it  appears 
that  a  molecule  of  dextrose  reacts  with  a  molecule  of  levulose 
to  form  a  molecule  of  sucrose  and  water. 

C6H1206  +  C6H1206  ->  C12H22On  +  H20 

dextrose  levulose  sucrose 

This  is  not  unusual  to  expect  since  both  dextrose  and  levulose 
contain  reactive  groups  within  their  molecules. 

Dextrose,  or  glucose,  occurs  in  the  juice  of  many  ripe  fruits, 
in  molasses,  and  in  honey.  The  blood  stream  normally  contains 
about  0.1  percent  of  glucose  resulting  from  the  digestion  of 
carbohydrate  foods.  Glucose  is  utilized  directly  by  the  body 
as  a  fuel.  It  represents  the  final  stage  of  carbohydrate  digestion, 
If  cane  sugar  is  treated  with  water  in  the  presence  of  a  little 
acid  it  forms  dextrose  and  levulose. 

Ci2H220h  +  H20  — »  CeH^Oe  +  CeH^Oe 

sucrose  dextrose  levulose 
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Courtesy  of  the  Corn  Products  Refining  Company 


Fig.  103.  Vacuum  Evaporators 

The  clear  filtered  syrup  from  the  converters  is  evaporated  in  these  spe¬ 
cial  vacuum  pans  to  give  “  Karo  ”  and  other  similar  syrups  for  candy  mak¬ 
ing,  baking,  and  preserving  and  canning  of  fruits. 


This  same  change  is  brought  about  by  the  action  of  an  enzyme 
( invertase )  which  occurs  in  yeast.  Within  the  body  there  is 
another  enzyme  ( sucrase )  which  brings  about  the  same 
change.  This  mixture  of  dextrose  and  levulose  is  called  invert 
sugar. 

Most  of  our  commercial  glucose  is  made  by  the  hydrolysis 
(reaction  with  water)  of  starch.  Corn  starch  is  used  in  the 
United  States  while  potato  starch  is  used  in  Europe.  The  starch 
in  water  is  heated  under  pressure  with  a  small  amount  of  dilute 
hydrochloric  acid.  After  about  two  hours  most  of  the  starch 
has  been  changed  to  glucose. 

(C6H10O6)x  +  xh2o  ->  xc6h12o6 

starch  glucose 


The  acid  in  the  resulting  solution  is  neutralized  with  sodium 
hydroxide  and  the  little  bit  of  salt  formed  is  left  in  the  liquid. 
The  sweet  liquid  which  results  is  evaporated  to  a  thick  syrup 
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Courtesy  of  the  Corn  Products  Refining  Company 

Fig.  104.  Centrifugals 

In  these  round,  whirling  basket  sieves  the  glucose  is  separated  from  any 
uncrystallized  syrup. 

and  sold  to  sweeten  candy  and  other  confections.  Frequently 
the  syrup  is  concentrated  to  the  point  of  crystallization  by 
evaporation  in  pans  placed  in  ovens  where  the  air  pressure  is 
kept  low.  By  this  means  the  water  is  evaporated  at  about  50°  C. 
so  that  the  glucose  does  not  decompose  and  char.  The  solidi¬ 
fied  glucose  is  separated  from  the  concentrated  solution  and 
freed  from  extra  syrup  by  whirling  in  rapidly  rotating  sieves 
(centrifuge).  The  product  from  this  operation  is  snow-white 
and  is  sold  as  dextrose.  One  common  product  is  sold  as  “  cere- 
lose.”  This  manufacture  of  syrup  and  dextrose  uses  up  a  billion 
pounds  of  corn  each  year. 

Levulose  occurs  in  many  fruits  and  in  honey.  A  substance, 
inulin ,  which  is  much  like  starch  and  occurs  in  the  Jerusalem 
artichoke  and  in  dahlia  bulbs,  will  yield  levulose  when  sub¬ 
jected  to  hydrolysis.  It  is  formed  from  cane  sugar,  too,  by 
hydrolysis. 
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Cane  Sugar.  Cane  sugar  or  sucrose  belongs  to  the  class  of 
substances  known  as  disaccharides.  It  is  identical  in  every  way 
with  the  substance  known  as  beet  sugar.  It  occurs  in  the  sugar 
from  maple  sap  and  in  the  juice  of  many  plants,  particularly 
the  sugar  cane  and  the  sugar  beet.  In  its  preparation  from  cane 
the  stalks  are  squeezed  through  heavy  rollers  to  get  the  juice 
which  may  contain  about  14  percent  of  sucrose.  The  acid  na¬ 
ture  of  the  juice  is  neutralized  with  lime  which  causes  most 
of  the  unwanted  material  to  settle  out.  The  resulting  clear 
juice  is  filtered  and  evaporated  under  low  pressure.  Crystals 
form  and  these  are  freed  from  syrup  by  whirling  in  a  basket 
sieve.  The  solid  so  obtained  is  crude  sugar  and  is  sold  to  the 
refineries.  It  contains  about  95  percent  sucrose,  1  percent  glu¬ 
cose,  some  mineral  salts,  and  moisture.  It  has  considerable 
brown  color  and  a  slight  odor. 

The  preparation  of  the  crude  sugar  takes  place  near  the 
fields  where  it  is  grown.  This  means  that  most  of  our  crude 
cane  sugar  is  imported  from  Cuba  and  other  tropical  islands. 
A  considerable  amount  is  grown  and  prepared  in  Louisiana. 
The  raw  or  crude  sugar  is  sent  to  the  refineries  where  it  is 
bought  on  the  basis  of  sucrose  content. 

The  main  job  of  the  sugar  refinery  is  to  remove  the  color  and 
odor  from  the  raw  sugar.  The  refineries,  therefore,  first  mix 
the  raw  sugar  with  the  solution  from  which  they  have  previ¬ 
ously  crystallized  a  batch  of  pure  sugar.  This  removes  most 
of  the  color  but,  since  it  is  saturated  with  sugar,  does  not  dis¬ 
solve  the  crystals.  The  washed  crystals  are  dissolved  in  the 
smallest  amount  of  hot  water  in  which  they  may  go  into  solu¬ 
tion,  and  the  hot  solution  is  filtered  through  beds  of  activated 
charcoal.  This  absorbs  all  of  the  color  and  odor  which  may  be 
present.  The  filtered  solution  is  evaporated  under  greatly  re¬ 
duced  pressure  and  crystals  are  obtained.  The  process  is  most 
carefully  controlled  and  the  product  is  one  of  the  purest  sub¬ 
stances  on  the  market.  It  is  remarkable  that  a  pure  compound 
can  be  produced  and  sold  retail  at  five  cents  per  pound  (only 
baking  soda  rivals  it  in  purity  and  price) . 

Beet  Sugar.  The  sugar  beet  is  a  great  source  of  the  com- 
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pound,  sucrose.  Central  Europe  has  been  a  principal  producer 
for  many  years.  In  the  United  States  the  beet  production  is 
greatest  in  the  middle  west.  The  first  beets  used  had  a  sugar 
content  of  about  8  percent  but  by  selection  of  seeds  from  high 
sugar  plants  it  has  been  possible  to  increase  the  sugar  content 
of  them  to  about  16  percent.  Some  run  as  high  as  18  percent. 

To  get  the  sugar  from  the  beets  they  are  sliced  into  thin 
slices.  These  are  placed  in  tanks  where  hot  water  is  run  at  the 
proper  rate  to  give  maximum  extraction  of  the  sugar.  The  re¬ 
sulting  sweet  solution  contains  about  12  to  15  percent  sugar. 
This  is  treated  with  lime  to  neutralize  acids  and  to  precipitate 
unwanted  material.  The  excess  lime  is  then  removed  by  pass¬ 
ing  in  carbon  dioxide.  After  filtration,  the  solution  is  evapo¬ 
rated  in  low-pressure  pans  and  the  crystals  which  form  are 
whirled  in  centrifugals  as  previously  described.  The  white 
crystals  which  result  are  identical  in  every  way  with  cane 
sugar.  Any  apparent  difference  in  crystal  size  is  due  to  rate  of 
crystallization. 

Maltose.  When  starch  is  acted  upon  by  an  enzyme  called 
diastase  it  is  converted  into  a  sugar  called  maltose  (C12H22OH) . 
This  process  occurs  during  the  sprouting  of  grain.  Maltose  is 
an  isomer  of  sucrose.  During  digestion  in  the  body  maltose  is 
converted  to  glucose  by  the  action  of  an  enzyme. 

Lactose.  Milk  is  the  only  natural  source  of  lactose  or  milk 
sugar.  It,  too,  is  an  isomer  of  sucrose  with  the  formula 
C12H22OH.  The  milk  from  cows  contains  about  5  percent  of 
lactose.  When  milk  sours  it  is  due  to  the  conversion  of  the  lac¬ 
tose  into  lactic  acid. 


OH 


C12H22O11  +  H2O 
lactose 


o 


4CH3— C— C— OH 

I 

H 

lactic  acid 


This  change  is  brought  about  by  the  action  of  bacteria  which 
are  present  in  the  air.  It  is  interesting  that  yeast  does  not  bring 
about  the  fermentation  of  lactose. 
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Comparative  Sweetness.  The  question  of  how  sweet  is  a 
sugar  is  largely  a  matter  of  debate.  It  must  rest  with  people  to 
state  their  reaction  to  the  taste  of  a  substance.  Under  the  best 
of  controlled  conditions  it  is  possible  to  make  out  a  scale  of 
sweetness  which  is  approximately  correct.  On  this  basis  the 
sweetness  of  sucrose  is  taken  as  100.  Levulose  has  a  rating  of 
173,  dextrose  is  74,  maltose  is  32,  and  lactose  is  16. 

Starch.  Plants  store  food  in  the  form  of  starch.  Usually  this 
is  deposited  within  the  seed  or  surrounding  the  seed  so  that  the 
young  plant  may  be  properly  nourished  until  its  roots  begin  to 
function.  It  seems  that  all  starch,  from  whatever  source,  is  the 
same  chemical  substance  but  it  does  not  look  the  same.  Starch 
appears  in  small  granules.  Under  the  microscope  these  granules 
are  quite  different  in  starch  from  different  sources.  A  trained 
worker  is  able  to  tell  the  source  of  the  starch  at  once  by  ob¬ 
serving  these  granules. 

Preparation  of  Starch.  Almost  all  of  the  starch  produced  in 
this  country  is  prepared  from  corn.  The  kernel  of  corn  has 
an  exterior  covering  called  the  hull  which  is  principally  fiber. 
The  main  portion  of  the  kernel  is  a  mixture  of  starch  and  glu¬ 
ten.  At  the  point  of  the  grain  there  is  the  embryo  or  germ 
which  contains  oil,  gluten,  and  fiber.  The  various  substances 
which  are  present  may  be  classed  as  soluble,  germ,  hull,  starch, 
and  gluten. 

The  initial  step  is  the  removal  of  soluble  material  with  warm 
water  which  is  saturated  with  sulfur  dioxide.  The  sulfur  diox¬ 
ide  forms  sulfurous  acid  with  the  water  and  serves  to  prevent 
fermentation  or  spoiling.  The  resulting  solution  of  soluble  ma¬ 
terial  is  evaporated  to  a  syrup  and  added  to  cattle  feed. 

The  corn  which  has  become  softened  by  some  forty  hours’ 
soaking  is  ground  in  a  special  mill  which  tears  the  kernel  apart 
without  injury  to  the  germ.  The  germ  with  its  oil  is  lighter 
than  the  rest  of  the  material  and  is  floated  off  by  means  of 
water.  Simple  filtration  through  a  sieve  serves  to  separate  this 
germ  from  any  small  starch  grains.  The  germ  is  then  crushed 
and  pressed  to  obtain  the  oil. 

The  germ-free  material  is  ground  to  separate  the  starch  and 
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Fig.  105.  Starch  Tables 

The  mixture  of  starch  and  gluten  (corn  protein)  is  suspended  in  water 
and  run  over  these  trough-like  tables  where  the  starch  settles  out  in  deep 
layers. 

gluten  from  the  hulls.  It  is  then  sieved  to  remove  the  coarser 
fiber  material  and  passed  over  shakers  where  the  starch  and 
gluten,  together  with  water,  pass  through  a  fine-mesh  silk 
screen.  Any  fiber  present  is  coarser  than  the  starch  and  remains 
behind.  The  fiber  is  dried  and  used  for  feed.  The  mixture  of 
starch  and  gluten  is  passed  onto  long  tables  where  the  heavier 
starch  settles  out  as  the  solution  slowly  makes  its  way.  On  this 
table  the  starch  forms  a  firm  cake.  This  cake  is  again  stirred 
with  water  and  filtered  to  remove  any  impurities  which  may  be 
washed  out.  The  snow-white  product  is  then  ready  for  the 
preparation  of  dry  starch  products  or  the  preparation  of  the 
various  syrups  and  dextrose. 

The  gluten  which  has  been  separated  is  filtered  from  the 
water  and  is  used  to  prepare  gluten  feeds. 
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Chemistry  of  Starch.  Starch  is  insoluble  in  water  and  in  all 
other  solvents.  But  if  it  is  heated  with  water  the  granules  burst 
and  the  grains  of  starch  are  scattered  through  the  liquid.  These 
grains  are  so  very  small  that  they  show  no  tendency  to  settle 
out.  Hence  the  so-called  starch  solution  is  really  a  colloidal 
suspension  of  starch  grains,  though  it  may  be  true  that  the 
actual  starch  grains  are  very  little  larger  than  the  starch  mole¬ 
cules.  The  starch  which  is  present  in  a  colloidal  suspension 
presents  a  very  large  surface  and  because  of  this  it  is  rapidly 
changed  by  chemical  substances  with  which  it  may  react. 
Various  organic  catalysts  (enzymes)  are  able  to  bring  about 
the  change  of  starch  to  glucose  quite  rapidly  in  the  presence 
of  water. 

The  formula  for  starch  is  (C6H10O5)x.  This  implies  that  the 
molecule  is  some  multiple  of  this  formula.  The  molecules  are 
large,  we  are  sure,  but  just  how  large  we  cannot  even  guess. 
For  instance  the  correct  formula  may  be  C6ooH10oo05oo  or  some 
such  figure  but  we  have  no  sure  method  of  making  this  deter¬ 
mination.  All  of  our  methods  for  getting  molecular  weights 
depend  upon  converting  the  substance  into  a  gas  or  putting  it 
into  solution,  and,  since  starch  will  not  become  a  gas  and  is 
insoluble,  there  is  nothing  to  be  done  about  it  as  yet  except  to 
make  estimates. 

When  starch  is  heated  in  the  presence  of  water  and  a  small 
amount  of  acid,  it  is  first  converted  to  dextrin  which  is  a  sweet 
substance  related  to  starch.  Some  dextrin  is  formed  on  the  sur¬ 
face  of  bread  during  toasting.  There  are  actually  several  dif¬ 
ferent  kinds  of  dextrin.  They  differ  in  the  size  of  their  mole¬ 
cules  though  they,  too,  have  the  general  formula  (C6H10O5)x. 
The  adhesive  on  stamps,  envelope  flaps  and  labels  is  largely  dex¬ 
trin.  Further  heating  converts  the  dextrin  to  maltose  which  is  a 
disaccharide.  During  the  heating,  the  maltose  is  further  changed 
to  glucose.  The  production  of  glucose  from  starch  has  already 
been  described. 

During  the  sprouting  of  such  grains  as  barley  an  enzyme 
called  diastase  is  produced.  This  enzyme  is  able  to  cause  the 
starch  to  change  to  maltose.  If  the  sprouted  grain  is  heated  and 


Auvuai  1 


414  CARBOHYDRATES.  PROTEINS 


MUI 

>  I 

ik 


> 


i. 


H  ifi 


V 


dried  the  product  which  contains  diastase  is  called  malt.  When 
this  malt  is  added  to  starch  and  water  it  causes  the  starch  to  be 
converted  to  a  mixture  of  dextrin  and  maltose.  This  mixture  is 
called  dextrimaltose  and  is  used  as  a  food  for  children,  in  candy, 
and  in  malted  milk  drinks. 

The  Carbohydrates  as  Food.  The  carbohydrates  such  as 
starch  and  various  sugars  constitute  a  very  important  class  of 
foods.  These  are  easily  changed  to  glucose  within  the  body, 
and  the  glucose  is  absorbed  by  the  blood.  It  is  this  glucose  in 
the  blood  which  is  burned  as  fuel  for  heat  and  energy.  Under 
normal  conditions  the  blood  contains  about  0.1  percent  glu¬ 
cose  but  this  may  vary.  If  carbohydrates  are  eaten  there  is  soon 
a  rise  in  the  blood  sugar.  Some  of  this  is  used  in  muscular  exer¬ 
cise,  some  is  absorbed  by  the  muscles,  and  some  is  changed  in 
the  liver  and  in  the  muscles  to  a  more  complex  substance  called 
glycogen  which  is  commonly  referred  to  as  animal  starch. 
This  glycogen  serves  as  a  storehouse  of  carbohydrate  in  the 
body  and  may  be  drawn  upon  at  any  time  if  the  blood  sugar 
supply  runs  low. 

Since  glucose  is  a  form  of  carbohydrate  which  the  body 
can  use  without  further  digestion,  it  is  common  to  find  it  used 
as  a  special  food.  In  cases  of  starvation  glucose  solutions  are 
injected  directly  into  the  blood  stream  in  order  to  give  the 
patient  nourishment.  Some  people  are  unable  to  use  glucose 
as  a  food  and  it  builds  up  in  their  blood  stream.  The  excess 
glucose  in  such  persons  is  thrown  off  through  the  kidneys. 
This  surplus  of  blood  sugar  has  very  harmful  effects  and  it  is 
essential  that  it  be  reduced  or  death  will  follow.  The  disease 
associated  with  this  condition  is  called  diabetes  mellitus. 

The  normal  body  contains  a  catalyst  called  insulin  which 
promotes  the  utilization  of  glucose.  This  catalyst  is  secreted  by 
a  portion  of  the  pancreas  and  is  discharged  directly  into  the 
blood  stream.  The  lack  of  this  catalyst  brings  about  the  dia¬ 
betic  condition.  Insulin  is  extracted  from  the  pancreas  of  ani¬ 
mals  and  is  obtained  as  crystals.  A  solution  of  these  crystals  in 
carefully  controlled  amounts  may  be  injected  into  the  body 
and  there  it  enables  the  diabetic  body  to  use  glucose.  The  use 
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of  this  substance  has  saved  and  prolonged  many  lives,  and  hence 
it  must  be  placed  among  the  great  achievements  of  modern 
physiology. 

The  Digestion  of  Carbohydrates.  Around  each  little  gran¬ 
ule  of  starch  there  is  an  envelope  of  cellulose  which  forms  a  thin 
skinlike  covering.  The  human  body  is  not  capable  of  digesting 
cellulose  and  therefore  raw  starch  is  probably  not  used  by  the 
body  at  all.  Hence  the  uselessness  of  eating  raw  potatoes  and 
flour.  But  heat  causes  this  cellulose  covering  to  burst  and  per¬ 
mits  the  smaller  grains  of  starch  to  be  acted  upon  by  the  diges¬ 
tive  system.  As  soon  as  cooked  starch  enters  the  mouth  it  be¬ 
comes  more  or  less  mixed  with  saliva  depending  upon  the 
amount  of  chewing  which  is  done.  Within  the  saliva  there  is  an 
enzyme  called  ptyalin  which  serves  as  a  catalyst  for  the  con¬ 
version  of  starch  to  maltose.  This  change  is  by  no  means  com¬ 
plete  in  the  mouth.  The  action  of  the  ptyalin  stops  soon  after 
the  food  enters  the  stomach  since  the  stomach  juices  are  acid 
and  there  is  no  further  change  in  the  starch  until  it  reaches 
the  small  intestine. 

Such  substances  as  cane  sugar  and  milk  sugar  pass  through 
the  mouth  unchanged.  The  acid  in  the  stomach  converts  some 
of  these  into  glucose  and  fructose  but  they  mostly  pass  on  to 
the  intestine  unchanged. 

The  pancreatic  juice  which  has  already  been  mentioned  con¬ 
tains  another  enzyme  called  amylopsin.  This  enzyme  is  very 
much  like  ptyalin  in  that  it  catalyzes  the  conversion  of  starch 
to  maltose  but  it  is  many  times  more  powerful  than  ptyalin. 
Very  little  starch  is  acted  upon  before  it  gets  to  the  small  in¬ 
testine  but  the  amylopsin  soon  converts  all  of  it  to  maltose. 

From  the  walls  of  the  small  intestine  there  flows  a  juice 
which  contains  the  additional  enzymes  maltase ,  lactase ,  and 
sucrase.  Maltase  serves  as  a  catalyst  for  the  conversion  of  mal¬ 
tose  to  glucose.  Lactase  catalyzes  the  split  of  lactose  into  glu¬ 
cose  and  another  simple  sugar  called  galactose.  Sucrase  brings 
about  the  conversion  of  sucrose  into  glucose  and  fructose. 

From  this  discussion  it  may  be  seen  that  the  entire  process 
of  digestion  of  carbohydrates  is  one  in  which  large  molecules 
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are  split  up  into  smaller  molecules  which  may  pass  through  the 
intestinal  walls  into  the  blood  stream.  The  effect  of  digestion 
of  starch  is  the  same  as  may  be  accomplished  by  heating  the 
starch  with  water  and  acids. 

Starch  — » maltose  — » glucose 

Glucose  represents  the  final  stage  of  digestion  of  starch.  The 
other  simple  sugars,  fructose  and  galactose,  which  were  men¬ 
tioned  may  be  used  by  the  body  as  is  glucose. 

Cellulose.  The  fibers  we  know  as  cotton  are  really  the  flat¬ 
tened  walls  of  hairlike  cells  which  grow  on  the  seed  of  the 
cotton  plant.  These,  like  the  walls  of  many  other  plant  cells, 
are  composed  of  almost  pure  cellulose.  The  cells  in  trees  have 
walls  of  cellulose  and  these  are  glued  together,  with  a  sub¬ 
stance  called  lignin ,  into  the  firm  structure  of  the  tree. 

The  chemical  formula  for  cellulose  is  very  much  like  the 
formula  for  starch.  It  is  written  as  (C6H10O5)x  but  we  do  not 
know  how  large  the  molecule  is.  The  subscript  x  must  be  very 
large  because  the  cellulose  molecule  is  too  big  to  dissolve  in  any 
solvent.  We  assume  that  cellulose  is  made  from  many  glucose 
molecules  which  have  reacted  together  because  we  can  make 
glucose  from  it.  If  we  boil  cellulose  with  water  and  an  acid,  the 
cellulose  is  slowly  changed  to  glucose. 

(C6H10O5)x  +  XH20  ->xc6h12o6 

cellulose  glucose 

This  change  goes  so  much  more  slowly  than  the  change  of 
starch  to  glucose  that  we  are  sure  the  cellulose  molecule  is 
much  larger  and  possibly  much  more  complex  than  the  starch 
molecule. 

There  is  no  provision  in  the  human  body  for  the  digestion 
of  cellulose,  but  all  animals  that  eat  hay  are  able  to  use  it  for 
food.  It  is  probable  that  their  digestive  tracts  contain  bacteria 
which  are  able  to  convert  the  cellulose  to  glucose.  Quite  a  bit 
of  attention  has  been  given  to  the  problem  of  making  food  ma¬ 
terial  from  waste  wood  and  other  cellulose.  Methods  have 
been  devised  whereby  wood  scraps  may  be  heated  with  acids 
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Fig.  106.  World’s  Largest  “  Sandwich  Shop  ” 

Thin  polished  plate  glass,  a  triumph  of  modern  chemistry  and  engineer¬ 
ing,  is  used  to  make  the  high-test  laminated  safety  glass  which  is  standard 
equipment  for  windshields  and  windows  of  many  makes  of  1941  cars.  In  this 
huge  “  sandwich  shop  ”  of  the  Libbey-Owens-Ford  laminating  plant  at  East 
Toledo,  Ohio,  skilled  workers  cut  the  new  plastic  called  “  polyvinyl  acetal 
resin  ”  and  then  place  it  between  panes  of  plate  glass.  Heat  and  hydrostatic 
pressure  in  an  oil  bath  then  are  applied  to  weld  the  three  parts  into  an  in¬ 
tegral  pane  of  safety  plate  glass. 

under  pressure.  The  cellulose  molecules  are  split  and  glucose  is 
produced.  After  neutralizing  the  acid  the  glucose  in  water  is 
used  for  stock  food.  At  present  this  is  not  a  commercial  process 
but  large-scale  trial  plants  are  operating.  If  such  a  process  can 
be  operated  at  a  profit  it  will  no  doubt  find  use  in  some  coun¬ 
tries  whose  food  supplies  are  limited. 

Guncotton  and  Pyroxylin.  Since  it  is  possible  to  convert 
cellulose  to  glucose  it  seems  probable  that  cellulose,  too,  may 
have  alcohol  groups  within  its  molecules.  Alcohols  may  react 
with  acids  to  produce  esters,  and  so  it  is  with  cellulose.  With 
nitric  acid  cellulose  reacts  to  form  nitrocellulose  (see  Chapter 
18)  which  is  an  ester  of  the  alcohol  groups  in  cellulose  with 


Fig.  107.  Ready  for  Oil  Pressure 

This  photograph  shows  high-test  safety  plate  glass  being  placed  in  posi¬ 
tion  for  its  hot  oil  pressure  treatment.  This  process  “  welds  ”  two  thin  panes 
of  glass  and  the  plastic  filler  into  a  crystal-clear  unit  to  provide  for  safety 
and  good  vision  during  the  life  of  the  car.  After  it  emerges  from  the  oil  bath 
the  glass  is  ready  to  be  washed  and  packed  for  shipment  to  automobile  plants. 

nitric  acid.  If  all  of  the  alcohol  groups  of  the  cellulose  are  so 
esterihed  (allowed  to  react  with  nitric  acid)  the  product  is  an 
explosive  called  guncotton.  This  is  used  in  the  manufacture  of 
smokeless  powder  for  ammunition. 

If  the  amount  of  nitric  acid  used  with  the  cellulose  is  not 
sufficient  to  react  with  all  of  the  alcohol  groups  in  the  cellulose 
molecule  the  product  is  called  pyroxylin.  This  substance  is 
soluble  in  a  mixture  of  alcohol  and  ether  while  guncotton  is 
not.  This  mixture  is  used  to  separate  the  two  nitrocellulose 
products.  The  solution  of  pyroxylin  is  sold  as  “  collodion  ” 
and  as  “  Nu-skin  ”  and  is  used  with  pigment  for  fingernail 
paints.  Pyroxylin  mixed  with  camphor  and  alcohol  gives  the 
product  known  as  celluloid.  Since  celluloid  may  easily  be  col¬ 
ored  with  various  pigments  it  lends  itself  to  the  production 
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of  artificial  ivory,  tortoise  shell,  amber,  and  coral.  The  first 
“  safety  glass  ”  was  made  by  pressing  a  sheet  of  celluloid  be¬ 
tween  two  sheets  of  glass.  When  this  is  done  the  glass  adheres 
to  the  celluloid  and  in  case  of  breakage  the  glass  splinters  re¬ 
main  in  place  instead  of  flying.  The  glass  so  prepared  had  the 
bad  property  of  turning  yellow  in  use  and  now  the  celluloid  is 
giving  way  to  “  vinylite  ”  resins  and  to  cellulose  acetate. 

Lacquers  are  produced  by  dissolving  pyroxylin  in  a  solvent 
such  as  amyl  acetate,  ethyl  acetate,  or  butyl  acetate.  These 
solvents,  it  will  be  recalled,  are  esters  of  acetic  acid  with  amyl, 
ethyl,  and  butyl  alcohols.  The  pyroxylin  solution  so  formed  is 
mixed  with  natural  or  synthetic  resins,  plasticizers,  and  pig¬ 
ments.  By  the  addition  of  thinners  the  resulting  mixture  may 
be  brushed  or  sprayed  onto  the  object  to  be  coated.  The  sol¬ 
vent  evaporates  slowly  leaving  a  coating  of  the  nonvolatile 
material.  If  cloth  is  coated  with  such  pyroxylin  the  finished 
product  is  sometimes  called  artificial  leather. 

Artificial  Silk.  Throughout  history  silk  has  furnished  the 
clothing  for  royalty,  and  the  ordinary  man  has  had  to  stand 
aside  with  envy  in  his  heart.  The  alchemists  tried  in  vain  to 
make  gold  from  lead,  but  we  have  no  records  of  their  ever 
making  an  attempt  to  produce  the  humanly  more  important 
silk  from  cotton,  flax,  or  wool.  Now  silk  is  different  from  cellu¬ 
lose  in  many  ways.  In  the  first  place  it  does  not  have  the  same 
chemical  composition.  Silk  contains  carbon,  hydrogen,  oxy¬ 
gen,  and  nitrogen  and  does  not  resemble  cellulose  in  any  man¬ 
ner.  A  French  chemist,  de  Chardonnet,  watched  the  silkworms 
eat  mulberry  leaves,  and,  without  having  any  other  food,  spin 
a  thread  of  silk.  He  thought  that  the  chemist  should  be  able  to 
convert  these  same  leaves  to  silk  in  the  laboratory.  He  tried 
mulberry  leaves  and  also  various  forms  of  cellulose.  As  a  result 
of  his  investigations  he  used  nitrocellulose  dissolved  in  alcohol 
and  ether.  He  pressed  this  through  a  small  opening  and  the 
resulting  thread  was  permitted  to  drop  into  a  solution  of  cal¬ 
cium  sulfide.  The  sulfide  reacted  with  the  nitrocellulose  and 
removed  most  of  the  nitrogen.  The  thread  which  remained  was 
almost  pure  cellulose  and  yet  it  was  a  continuous  fiber  and  had 
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the  luster  of  silk.  Some  of  this  was  exhibited  at  the  Exposition 
of  Paris  in  1889. 

Viscose.  It  is  common  experience  in  all  scientific  work  that 
when  one  person  gets  an  idea  and  lets  it  be  known  there  are 
always  others  who  are  ready  to  jump  in  and  carry  it  out  in 
directions  the  originator  never  dreamed  of.  Within  a  short 
time  chemists  all  over  the  world  were  thinking  of  artificial  silk, 
too.  The  product  made  by  de  Chardonnet  was  not  good.  Other 
methods  would  have  to  be  invented.  It  was  soon  realized  that 
in  order  to  get  a  long  fiber  of  cellulose  it  would  be  necessary 
to  tear  apart  the  fibers  as  they  grow  in  nature.  This  could  be 
done  by  dissolving  the  cellulose  but  nothing  would  serve  as 
the  solvent.  In  1892  two  English  chemists,  Cross  and  Bevan, 
devised  a  method  for  making  a  compound  of  cellulose  which 
could  be  dissolved  and  which  could  then  be  formed  into  a 
thread.  The  thread  was  treated  with  acid  to  destroy  the  com¬ 
pound  and  leave  the  pure  cellulose  as  a  glossy  fiber.  There  were 
many  trials  before  the  method  could  be  applied  on  a  large  scale, 
but  now  this  method  serves  to  prepare  about  65  percent  of  all 
the  “  artificial  silk  ”  made. 

Cellulose  from  wood  or  cotton  is  purified  and  treated  with 
sodium  hydroxide.  Carbon  disulfide  (CS2),  a  liquid  prepared 
by  heating  carbon  with  sulfur  in  an  electric  furnace,  is  added 
and  the  cellulose  forms  a  compound  known  as  cellulose  xan- 
thate.  This  compound  is  thick  and  viscous  and  is  known  to 
the  trade  as  “  viscose  A  It  dissolves  in  additional  carbon  disulfide 
and  the  solution  so  formed  is  forced  through  a  set  of  very  fine 
holes  into  a  solution  of  sulfuric  acid  in  water.  This  destroys 
the  compound  of  cellulose  and  fibers  of  pure  cellulose  remain. 
The  several  fibers  so  made  at  once  are  twisted  into  a  thread  and 
wound  on  a  spool.  The  thread  has  a  luster  which  is  like  that  of 
silk  except  that  it  sometimes  outshines  silk.  This  is  known  as 
the  viscose  process. 

Uses  of  Viscose.  There  are  many  uses  of  viscose  other  than 
the  manufacture  of  fibers.  Quite  a  large  amount  of  it  is  pressed 
through  a  narrow  slit  into  acid  to  give  the  common  transparent 
wrapping  material  known  as  “  cellophane.”  For  the  millinery 
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trade  viscose  is  used  to  produce  artificial  straw,  and  artificial 
horsehair.  Wire  netting  coated  with  viscose  is  used  as  a  sub¬ 
stitute  for  window  glass  in  poultry  houses.  This  material  per¬ 
mits  the  passage  of  a  considerable  amount  of  ultraviolet  light 
which  glass  does  not  permit  to  pass.  Other  large  uses  are  for 
the  manufacture  of  sausage  casings,  bottle  caps  which  fit  close 
to  the  glass,  picture  film  for  cameras,  and  cellulose  sponges. 

Bemberg.  Cellulose  is  soluble  in  a  solution  made  by  treating 
copper  oxide  with  concentrated  ammonia  in  water.  This  is 
called  the  cuprammonium  process.  This  material  may  be 
forced  into  an  acid  solution  as  described  above  and  the  result¬ 
ing  filaments  of  cellulose  spun  into  a  thread.  This  thread  is 
stronger  than  ordinary  viscose  and  is  useful  in  the  manufac¬ 
ture  of  ladies  hose.  The  product  is  known  as  “  bemberg.”  It 
is  noteworthy  that  the  manufacture  of  this  material  was  on  the 
increase  in  1939. 

Celanese.  Since  the  cellulose  molecule  contains  alcohol 
groups,  it  occurred  to  some  workers  that  it  should  react  with 
acetic  acid  to  form  esters.  To  these  esters  they  gave  the  name 
of  cellulose  acetate.  Cellulose  does  react  with  acetic  acid  but 
reacts  faster  with  a  solution  of  acetic  acid  containing  acetic 
anhydride.  Acetic  anhydride  is  made  from  acetic  acid  by  tak¬ 
ing  water  out  from  between  two  molecules  of  the  acid. 

CH3— C^-OH  CH  3— CC 

->  )o  +  H20 

CH3— C— OH  CH3— C< 

acetic  anhydride 

The  acetic  acid  and  acetic  anhydride  mixture  reacts  with  cellu¬ 
lose  in  a  short  time  and  forms  a  material  which  may  be  used 
in  place  of  viscose.  If  fibers  are  made  from  this  cellulose  ace¬ 
tate  it  is  not  necessary  to  get  back  the  pure  cellulose.  The  fibers 
are  dried  by  a  stream  of  warm  air.  These  fibers  are  in  many 
ways  superior  to  those  made  from  viscose.  Viscose  fibers  ab¬ 
sorb  water  and  lose  more  than  half  of  their  strength  while  wet. 
Cellulose  acetate  fibers  absorb  less  water  and  they  retain  most 
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of  their  strength  while  wet.  Cloth  woven  from  the  acetate 
product  has  a  high  luster.  It  is  sold  as  “  celanese  ”  and  “  acele.” 

The  cellulose  acetate  fibers  have  given  trouble  about  taking 
dyes.  The  cotton  dyes  would  not  color  them  and  the  wool 
dyes  were  not  always  satisfactory.  This  is  partially  cared  for 
by  treating  the  cellulose  acetate  with  sodium  hydroxide  after 
the  thread  is  formed.  This  removes  the  acetic  acid  radical  from 
the  ester  and  leaves  pure  cellulose  on  the  outside  of  the  fiber. 
Such  cellulose  will  take  the  ordinary  cotton  dyes. 

Another  point  which  is  frequently  overlooked  is  the  fact 
that  acetate  material  is  soluble  in  certain  solvents  which  are  fre¬ 
quently  used  for  cleaning.  It  is  slightly  soluble  in  alcohol  and 
is  completely  soluble  in  the  liquids  used  to  remove  fingernail 
polish.  They  are  safe  in  water  with  good  soap,  or  in  such  sol¬ 
vents  as  pure  benzol,  gasoline,  carbon  tetrachloride,  and  tur¬ 
pentine.  It  is  sometimes  necessary  to  press  clothing  of  acetate 
yarn.  It  must  be  remembered  that  cellulose  acetate  is  melted 
by  heat  and  should  never  be  heated  above  27  5°  F. 

Rayon.  It  is  true  that  men  tried  at  first  to  imitate  silk,  but 
that  ambition  no  longer  holds.  The  fibers  which  they  have 
developed  have  found  their  own  useful  place  alongside  of  silk 
and  they  are  no  longer  trying  to  imitate  anything.  The  proper 
methods  of  handling  these  fibers  and  the  cloth  made  from  them 
have  been  mastered  and  the  clothing  made  from  them  has  its 
own  appeal.  The  entire  field  of  artificial  fibers  has  given  the 
name  “  rayon  ”  to  its  product  in  an  attempt  to  emphasize  the 
gloss  of  the  material.  The  makers  of  acetate  fibers  have  not 
taken  to  this  name  very  well  as  may  be  seen  from  their  contin¬ 
ued  use  of  “  celanese  ”  and  “  acele.” 

During  1939  the  world  production  of  rayon  was  more  than 
1,100,000,000  pounds.  Of  this  the  United  States  produced 
330,000,000  pounds.  It  is  probable  that  the  United  States  is  ex¬ 
ceeded  in  this  production  by  only  one  other  nation,  Japan, 
which  we  consider  as  the  home  of  the  silkworm. 

Nylon.  While  we  are  on  the  general  topic  of  man-made 
fibers  it  is  well  to  mention  one  of  the  newer  ventures  in  the 
field.  About  two  years  ago  an  American  firm  announced  the 
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experimental  production  of  a  new  fiber  called  “  nylon”  From 
the  chemical  viewpoint  it  resembles  silk  since  they  are  both 
proteinlike  nitrogen  compounds.  The  basic  chemicals  for  its 
production  come  from  coal,  air,  and  water.  It  is  probable  that 
its  production  may  be  classed  as  an  outgrowth  of  the  manu¬ 
facture  of  “  neoprene.”  Their  search  for  artificial  rubber  led 
into  other  fertile  fields.  Fibers  of  nylon  no  larger  than  the  web 
of  a  spider  as  well  as  bristles  for  toothbrushes  may  be  made  from 
it.  Because  of  its  great  elasticity,  strength,  resistance  to  wear, 
and  failure  to  absorb  water  it  is  reported  to  be  an  ideal  material 
for  hosiery  and  other  knit  goods.  Already  the  commercial 
manufacture  of  garments  of  this  fiber  has  started  and  they  may 
be  purchased  at  reasonable  prices. 

Mercerized  Cotton.  An  earlier  attempt  to  produce  a  glossy 
fiber  from  cotton  resulted  in  the  product  which  we  know  as 
“  mercerized  ”  cotton.  When  cotton  is  treated  with  concen¬ 
trated  sodium  hydroxide  it  reacts  to  form  what  is  known  as 
oxy  cellulose.  The  fibers  swell  and  become  cylindrical  like  tiny 
rods.  Under  ordinary  conditions  the  fibers  will  shrink  when 
treated  in  this  manner  but  by  stretching  them  as  they  are 
washed  and  dried  they  retain  their  rodlike  nature  and  take 
on  a  gloss.  Much  of  the  thread  sold  because  it  looks  like  silk  is 
really  mercerized  cotton.  It  is  stronger  than  untreated  cotton 
and  takes  a  dye  much  better.  The  man  who  devised  the  process 
of  manufacture  was  named  Mercer,  and  it  was  for  him  that 
the  name  was  given  to  the  product. 

Paper.  For  all  practical  purposes  we  may  define  paper  as 
a  sheet  of  cellulose  fibers  which  have  been  thoroughly  mixed 
together  while  wet  and  pressed  between  hot  cylinders  until 
dry.  The  type  of  paper  desired  determines,  to  some  extent, 
the  source  of  the  fiber,  and,  to  a  great  extent,  the  treatment 
given  the  fiber  during  the  process  of  paper  manufacture.  We 
have  already  discussed  the  use  of  chlorine  gas  to  bleach  cotton. 
Hence  we  would  expect  to  use  chlorine  to  bleach  any  other 
form  of  cellulose.  All  white  paper  has  been  bleached. 

We  are  all  acquainted  with  the  properties  of  blotting  paper 
in  which  we  are  able  to  see  the  individual  fibers.  Even  a  casual 
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examination  will  show  how  thoroughly  these  fibers  are  en¬ 
meshed  to  form  a  mat.  A  drop  of  ink  placed  on  such  paper  is 
quickly  absorbed  in  much  the  same  way  as  a  sponge  absorbs 
water,  and  naturally  it  will  not  do  for  writing  purposes.  If 
the  fibers  are  coated  with  a  waterproof  material  before  the 
formation  of  the  mat  the  ink  will  not  be  absorbed.  By  the  use 
of  clay,  starch,  and  other  “  fillers  ”  the  open  spaces  between 
the  fibers  are  filled  so  as  to  give  a  smooth  writing  surface. 

Pulp.  The  fiber  from  which  paper  is  made  is  called  pulp  and 
it  may  be  obtained  from  any  available  source.  Many  years  ago 
most  of  this  pulp  was  obtained  from  old  rags  of  cotton  or  linen, 
but  with  the  present  large  consumption  of  paper  there  is  not 
enough  of  such  material  to  supply  the  demand.  In  addition  to 
an  actual  shortage  of  rags  the  cost  of  collection  would  make 
the  price  too  high.  Paper  made  of  cotton  or  linen,  however,  is 
of  superior  quality  and  will  last  much  longer.  Books  which  are 
designed  for  a  lasting  record  as  well  as  books  which  are  to  be 
much  used  are  printed  on  rag  paper.  Some  newspapers  have 
a  special  rag  paper  edition  intended  for  permanent  files  in  li¬ 
braries.  The  New  York  Times ,  for  instance,  will  supply  such 
an  edition  at  a  premium  of  about  $100  per  year. 

The  greatest  source  of  paper  pulp  is  wood.  The  cellulose 
fibers  of  wood  are  glued  together  with  lignin  and  the  fibers 
must  be  torn  apart  and  freed  from  this  gumlike  material  in 
order  to  make  pure  pulp.  For  ordinary  newsprint  paper  it  is 
not  necessary  to  remove  all  of  the  lignin  since  this  paper  is  not 
prepared  for  a  permanent  record  and  need  not  be  tough.  This 
partial  removal  of  the  lignin  is  usually  accomplished  by  mixing 
untreated  pulp  containing  all  of  the  lignin  with  pulp  from 
which  all  of  the  lignin  has  been  removed. 

In  general  there  are  two  types  of  pulp  produced  from  wood; 
mechanical  pulp  and  chemical  pulp.  The  mechanical  pulp  is 
produced  by  pressing  the  side  of  a  log  against  a  rapidly  revolv¬ 
ing  grindstone.  This  tears  the  fibers  apart.  A  stream  of  water 
flows  over  the  stone  and  the  fibers  are  fairly  well  suspended 
in  the  liquid  while  the  larger  pieces  settle  out  or  are  screened 
out.  Chemical  pulp  is  made  from  wood  chips  by  treating  with 
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a  solution  of  sodium  hydroxide  ( soda  pulp),  or  a  solution  of 
lime  and  sulfur  dioxide  ( sulfite  pulp).  The  soda  process  is  ap¬ 
plied  to  poplar  wood  and  the  sulfite  process  is  applied  to 
spruce.  The  differences  in  the  two  processes  are  due  to  the 
differences  in  the  wood  but  the  pulp  in  either  case  is  the  same. 
Both  kinds  of  chemical  pulp  are  bleached  by  adding  lime  to¬ 
gether  with  chlorine  gas. 

Pulp  from  Southern  Pine.  Within  the  past  few  years  con¬ 
siderable  prominence  has  been  given  to  a  southern  pine  as  a 
source  of  paper  pulp.  The  tree  in  question  is  capable  of  grow¬ 
ing  to  sufficient  size  to  cut  in  about  seven  to  ten  years.  The 
yield  of  pulp  is  quite  high,  and  the  tree  may  be  grown  as  a 
farm  crop.  As  would  be  expected,  a  special  treatment  must  be 
given  these  fibers  since  these  trees  contain  a  high  percentage  of 
rosin  and  other  gum  material.  As  a  rule  this  pulp  is  made  by 
digesting  the  wood  with  a  solution  of  sodium  sulfate  and 
sodium  sulfide.  The  so-called  kraft  paper  is  made  in  this  man¬ 
ner.  It  has  been  improved  until  now  a  satisfactory  newsprint 
paper  is  being  produced  from  this  pine.  With  the  present  upset 
in  economic  affairs  it  is  quite  probable  that  many  plants  for 
the  manufacture  of  this  newsprint  paper  will  be  built  in  the 
southern  part  of  the  country.  Another  cash  crop  to  take  the 
place  of  “  ex-king  cotton  ”  will  certainly  be  of  great  benefit 
to  that  section. 

Formation  of  Paper.  The  formation  of  the  sheet  of  paper 
involves  the  same  processes  regardless  of  the  type  of  paper 
desired.  The  actual  treatment  is,  of  course,  different  for  differ¬ 
ent  kinds  of  paper.  Suppose  we  use  the  formation  of  news¬ 
print  paper  as  an  example.  A  mixture  of  1000  pounds  of  me¬ 
chanical  pulp  together  with  150  pounds  of  chemical  pulp  is 
put  into  a  “  beater  ”  with  a  rosin  compound  and  clay  together 
with  plenty  of  water.  The  mixture  is  called  a  “  cream.”  The 
fibers  are  thoroughly  separated  and  mixed  with  the  rosin  com¬ 
pound  during  this  process.  Aluminum  sulfate  (alum)  is  added 
to  the  cream  and  this  causes  the  rosin  to  attach  itself  to  the 
fibers.  The  cream  is  then  diluted  with  large  amounts  of  water 
and  poured  evenly  onto  an  endless  wire  gauze  which  is  the 
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width  of  the  finished  sheet.  The  water  drains  through  the 
gauze,  and  the  coated  fibers  together  with  the  clay  collect  in 
the  form  of  a  mat  on  top  of  the  gauze.  The  gauze  is  made  to 
move  away  from  the  source  of  wet  pulp  at  rates  as  high  as  900 
feet  per  minute.  Cylinders,  through  which  the  gauze  and  the 
pulp  which  it  carries  must  pass,  squeeze  out  most  of  the  water, 
and  soon  the  wet  sheet  is  dry  enough  to  leave  the  gauze  and 
pass  alone  between  hot  cylinders  which  finish  the  task  of  press¬ 
ing  and  drying  it. 

Paper  for  books  and  other  special  purposes  is  made  from 
chemical  pulp  alone  and  receives  coatings  of  special  materials 
along  the  path  of  the  paper  sheet.  In  every  case  these  special 
coatings  are  for  the  purpose  of  giving  a  particular  finish  which 
improves  the  paper  for  a  particular  use. 

Other  Uses  for  Pulp.  The  production  of  high-grade  pulp 
from  wood  is  an  industry  by  itself.  The  purified  and  bleached 
pulp  finds  a  use  in  the  preparation  of  surgical  dressings  and 
other  similar  supplies.  The  manufacture  of  viscose,  cellulose 
acetate,  cellulose  nitrate,  and  bemberg  all  start  with  such  pulp 
as  the  source  of  cellulose. 

PROTEINS 

In  addition  to  fats  and  carbohydrates  a  number  of  other 
substances,  called  proteins ,  are  extremely  important  as  foods. 
Within  our  bodies  there  are  large  amounts  of  these  proteins 
present  as  muscle,  bone,  brain,  and  tendons.  The  fats  and  car¬ 
bohydrates  are  essentially  fuel  foods  and  unite  with  the  oxygen 
in  the  blood  to  produce  heat  and  energy  in  much  the  same 
way  as  coal  unites  with  oxygen  of  the  air  when  it  is  burned 
in  a  furnace.  The  proteins,  on  the  other  hand,  have  a  close 
relationship  to  the  life  processes  and  they  make  up  the  very 
seat  of  life  in  the  living  cells.  As  these  cells  die,  which  they 
do  at  varying  rates,  they  must  be  replaced  with  other  similar 
material  and  all  new  cells  necessary  for  growth  or  mainte¬ 
nance  must  also  be  supplied  from  such  substances.  Even 
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plants  contain  proteins  in  order  that  their  life  processes 
may  go  on  in  the  proper  fashion.  Eggs,  milk,  cheese,  meat, 
beans,  peas,  and  cereals  are  the  usual  sources  of  protein  for 
our  food. 

Composition  of  Proteins.  We  have  pointed  out  the  com¬ 
plex  nature  of  starch  and  related  how  it  may  be  broken  down 
first  to  dextrin,  then  to  maltose,  and  finally  to  glucose.  In  many 
respects  the  proteins  behave  in  a  similar  manner.  The  protein 
molecules  are  extremely  complex  and  there  is  no  way  for  us 
to  know  their  actual  size  or  weight.  They  are  insoluble  in  all 
solvents  and  it  is  only  through  chemical  action  that  they  may 
be  made  to  go  into  solution  at  all.  They  are  broken  down  by 
the  same  chemical  agents  which  bring  about  the  decomposi¬ 
tion  of  starch.  Water  containing  a  little  acid  will  change  the 
proteins  into  simple  compounds  in  much  the  same  way  that 
starch  is  changed  to  glucose.  All  proteins  do  not  yield  the  same 
simple  substances  when  treated  in  this  manner  and  a  particu¬ 
lar  protein  may  yield  several  different  compounds. 

Unlike  fats  and  starch  the  proteins  contain  the  element 
nitrogen  and  this  appears  in  each  of  the  final  simple  com¬ 
pounds  produced  from  the  proteins.  These  simple  compounds 

contain  an  acid  group  c^OH)  an<^  an  am*ne  grouP 

( — NIL)  which  is  derived  from  ammonia.  They  are  called 
amino  acids  and  are  frequently  spoken  of  as  the  building  blocks 
from  which  proteins  are  made.  There  are  more  than  twenty 
different  amino  acids  which  have  been  obtained  from  pro¬ 
teins.  The  most  simple  amino  acid  is  aminoacetic  acid. 
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It  may  be  recalled  that  ammonia  will  react  with  acids  to  pro¬ 
duce  salts.  In  the  same  way  the  amino  group  may  also  react 
with  the  acid  group  to  produce  a  substance  which  corresponds 
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to  a  salt.  Thus  two  molecules  of  aminoacetic  acid  may  react 
together: 
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It  may  readily  be  seen  that  the  larger  molecule  formed  still 
has  an  amino  group  on  one  end  and  an  acid  group  on  the  other 
end.  Each  of  these  groups  may  again  react.  Now  imagine 
twenty  or  more  different  amino  acids  which  may  react  to¬ 
gether  in  all  possible  combinations  so  that  the  products  from 
the  first  combination  may  again  react  with  themselves  or  with 
separate  amino  acids.  Let  this  combination  and  recombina¬ 
tion  take  place  until  hundreds  of  the  smaller  molecules  are  in¬ 
corporated  into  the  larger  molecules  and  then  you  will  have 
some  idea  of  the  complexity  of  the  protein  molecule. 

The  Digestion  of  Proteins.  We  must  have  proteins  in  our 
food  in  order  that  the  body  may  have  a  source  of  repair  ma¬ 
terial  with  which  to  rebuild  worn-out  tissue.  The  molecules 
of  proteins  are  much  too  large  to  pass  through  the  walls  of  the 
intestine  and  thus  like  starch  they  must  be  broken  down  into 
their  simple  components.  The  digestive  process  is  able  to  con¬ 
vert  proteins  into  simple  amino  acids  which  may  pass  into  the 
blood  stream.  These  amino  acids  are  recombined  within  the 
body  to  produce  the  required  proteins.  Some  proteins  which 
we  use  for  food  do  not  contain  all  of  the  amino  acids  which 
the  body  requires  and  such  foods  are  said  to  be  incomplete 
proteins.  Thus  gelatin  is  not  able  to  support  life  without  the 
aid  of  some  other  protein.  Milk  contains  all  of  the  required 
amino  acids  and  it  is  classed  as  a  complete  protein. 
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The  digestion  of  protein  material  starts  in  the  stomach  in 
the  presence  of  the  dilute  acid  of  the  gastric  juice.  An  enzyme, 
pepsm,  is  supplied  in  the  gastric  juice  and  acts  as  a  catalyst  for 
the  decomposition  of  proteins  into  smaller  molecules  called 
proteoses  and  peptones.  The  acid  is  quite  necessary  for  this 
decomposition  and  is  said  to  activate  the  enzyme.  The  time 
which  the  food  spends  in  the  stomach  is  so  short  that  not  all 
of  the  protein  is  acted  upon  before  being  forced  into  the  small 
intestine  where  the  juices  soon  become  alkaline  through  mix¬ 
ing  with  the  bile.  To  care  for  complete  digestion  the  pancreas 
secretes  two  enzymes,  trypsin  and  erepsin ,  which  bring  about 
the  complete  change  of  all  the  protein  into  the  simple  amino 
acids.  In  order  that  no  protein  may  escape  unchanged,  the 
walls  of  the  intestines  also  supply  large  amounts  of  erepsin. 
The  resulting  amino  acids  pass  into  the  blood  stream  and  serve 
to  build  body  cells. 

Summary  of  Digestion.  The  processes  of  digestion  have 
been  described  briefly  in  connection  with  the  various  food 
materials.  The  table  which  follows  may  be  helpful  as  a  sum¬ 
mary. 


Substance 

Name  of 

acted  upon 

Enzyme 

Found  in 

Change  produced 

Starch  J 

f  Ptyalin 

Saliva 

Starch  — >  dextrin  — >  maltose 

1 

[  Amylopsin 

Pancreatic  juice 

Starch  — >  dextrin  — »  maltose 

1 

f  Maltase 

Intestine 

Maltose  — >  glucose 

Disaccharides  \ 

Sucrase 

Intestine 

Sucrose  — >  glucose  +  fructose 

[  Lactase 

Intestine 

Lactose  — »  glucose  +  galactose 

Fats 

Steapsin 

Pancreatic  juice 

Fats  — *  fatty  acids  +  glycerin 

r  Pepsin 

Gastric  juice 

Proteins  — »  proteoses  +  peptones 

Proteins 

Trypsin 

Pancreatic  juice 

f  Proteins  — »  proteoses 
\  Peptones  — »  amino-acids 

Erepsin 

Pancreatic  juice 
and  intestine 

Peptones  — »  amino-acids 

SUMMARY 

Such  things  as  sugars,  starch,  and  cellulose  are  classed  as  car¬ 
bohydrates. 

The  common  sugars  such  as  dextrose  and  levulose  are 
classed  as  monosaccharides  while  sucrose,  maltose,  and  lac¬ 
tose  are  classed  as  disaccharides.  The  disaccharides  may  be 
split  to  monosaccharides  by  chemical  action. 
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Dextrose  is  prepared  by  the  hydrolysis  of  starch.  Also,  it  is 
the  final  product  in  the  digestion  of  starch. 

Sucrose  is  prepared  by  crystallization  of  the  purified  and 
evaporated  juice  from  sugar  cane  and  sugar  beets. 

Maltose  is  produced  from  starch  by  enzyme  action.  Lactose 
occurs  in  milk. 

Starch  is  prepared  from  corn  and  is  separated  from  the  re¬ 
mainder  of  the  kernel  by  grinding,  filtering,  and  sedimentation. 
Starch  is  converted  to  maltose  by  enzyme  action.  The  en¬ 
zymes  of  the  body  bring  about  the  conversion  of  starch  and 
sugar  to  glucose  and  other  simple  sugars. 

Cellulose  forms  the  fibrous  material  of  plants.  It  may  be 
converted  to  dextrose  by  hydrolysis  but  the  digestive  system 
cannot  bring  this  about. 

Cellulose  will  react  with  nitric  acid  to  form  cellulose  nitrate 
and  with  acetic  acid  to  form  cellulose  acetate.  These  are  im¬ 
portant  plastics.  Cellulose  is  used  to  prepare  viscose  for  rayon 
and  cellophane. 

Wood  fiber  as  well  as  cotton  fiber  and  linen  may  be  con¬ 
verted  to  pulp  for  paper  and  other  cellulose  uses.  Wood  pulp 
is  prepared  either  chemically  or  mechanically. 

Paper  is  formed  by  making  a  mat  of  pulp  with  water  on  a 
moving  screen.  The  mat  is  sized  and  filled  for  various  pur¬ 
poses. 

Proteins  have  apparently  been  built  up  from  amino  acids 
and  may  be  hydrolyzed  to  give  these  acids  again.  The  process 
of  digestion  breaks  apart  the  proteins  to  give  amino  acids 
which  may  be  utilized  by  the  body  to  form  new  tissue. 


REVIEW  QUESTIONS 

1.  Into  what  classes  do  we  place  sugars?  What  is  the  basis  for 
this? 

2.  What  happens  to  cane  sugar  during  digestion?  How  can  this 
change  be  produced  in  the  laboratory? 

3.  What  compound  represents  the  final  digestion  of  starch? 
How  can  this  change  be  brought  about  in  the  laboratory? 
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4.  Can  cellulose  be  digested  in  the  body?  Can  it  be  converted 
to  edible  substances  in  the  laboratory? 

5.  What  do  we  mean  by  corn  sugar?  How  is  it  made? 

6.  What  is  the  source  of  dextrimaltose  used  in  milk  drinks? 

7.  Would  you  say  that  we  pasteurize  milk  to  keep  it  from 
souring?  Explain. 

8.  Give  a  reason  for  thinking  that  starch  and  cellulose  are 
built  up  from  similar  “  building  blocks.” 

9.  Trace  the  digestion  of  starch  in  the  body. 

10.  What  do  we  mean  by  an  enzyme?  Are  these  little  animals 
and  plants? 

1 1 .  What  disease  is  associated  with  the  inability  of  a  person  to 
use  dextrose  as  a  body  fuel?  How  is  this  difficulty  usually  over¬ 
come? 

12.  What  are  the  following:  pyroxylin;  viscose;  celanese;  safety 
glass;  guncotton;  cellophane? 

13.  How  is  wood  pulp  prepared?  Describe  the  manufacture  of 
paper. 

14.  Would  sugar  serve  as  a  complete  food?  Why? 

15.  From  the  chemical  viewpoint  why  is  a  balanced  diet  neces¬ 
sary? 

16.  To  what  extent  are  the  digestive  processes  for  fats,  carbo¬ 
hydrates,  and  proteins  similar? 
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It  has  long  been  known  that  man  and  other  animals  cannot 
exist  on  fats,  carbohydrates,  and  proteins  alone.  Just  as  plants 
need  minerals  so  do  animals.  Their  growth  may  be  retarded, 
their  bones  and  muscle  structure  stunted,  by  the  complete 
absence  of  a  mineral  which  normally  occurs  in  the  body  in 
very  minute  amounts.  Makers  of  iodized  table  salt  have  often 
called  our  attention  to  the  value  of  iodine  to  keep  our  thyroid 
glands,  and  thus  our  bodies,  healthy.  There  are  reports  con¬ 
cerning  the  necessity  for  very  small  amounts  of  cobalt  in  the 
food  for  certain  farm  animals.  Calcium  and  phosphates  are 
vitally  necessary  to  form  the  calcium  phosphate  of  which  the 
bones  are  made.  The  blood  contains  iron  though  the  total 
amount  of  this  element  present  in  the  body  at  one  time  is 
probably  little  more  than  one  tenth  of  an  ounce.  Common  salt 
must  be  supplied  at  all  times  since  the  various  parts  of  the 
body  are  continually  bathed  with  a  salt  solution.  To  furnish 
our  bodies  with  these  many  needed  minerals  we  eat  green  vege¬ 
tables.  These  are  excellent  sources  of  minerals.  But  frequently 
unwise  cooks  boil  the  minerals  out  of  vegetables  and  throw 
away  the  water.  Milk,  too,  is  quite  rich  in  minerals. 

Observations  over  a  long  period  of  time  have  shown  that 
still  other  chemicals  must  be  present  in  the  food  we  eat  if  the 
body  is  to  function  properly.  The  person  who  eats  plenty  of 
fruits,  vegetables,  meat,  and  milk  will  in  no  way  suffer  from 
the  lack  of  these  other  substances.  But  a  person  whose  diet  is 
restricted  to  a  very  few  things  may  show  signs  of  physical 
failure  and  breakdown.  Throughout  history,  before  modern 
speed  in  transportation,  sailors  and  explorers  have  been  known 
to  suffer  scurvy  and  sometimes  death  from  the  absence  of 
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fruits  and  vegetables.  Poverty-stricken  people  have  always 
been  susceptible  to  skin  diseases.  These  and  other  facts  have 
all  pointed  toward  additional  physiological  food  requirements 
which  are  not  shown  by  an  ordinary  analysis  of  foods. 

VITAMINS 

These  special  food  materials  have  been  classed  as  vitamins. 
We  are  bombarded  with  advertising  matter  which  urges  us  to 
buy  this  food  or  that  food  because  it  contains  the  health-giving 
vitamins.  We  are  almost  led  to  believe  that  it  is  only  through 
the  purchase  of  these  special  preparations  that  we  can  expect 
to  keep  alive.  As  a  matter  of  fact,  most  of  us  probably  eat 
everything  which  we  should  eat  unless  we  are  hard  hit  by 
poverty,  or  are  in  an  isolated  location,  or  lose  our  appetite. 
Of  course,  it  is  well  to  pay  attention  to  diet  in  order  to  insure 
the  best  possible  health  but  there  is  little  reason  for  most  of  us 
to  spend  extra  money  on  pills  or  capsules  when  it  is  a  lot  more 
fun  to  eat  good  food.  There  are  several  of  these  vitamins 
which  have  been  definitely  isolated  and  they  have  been  identi¬ 
fied  by  means  of  a  letter  for  the  want  of  better  names. 

Vitamin  A.  The  lack  of  the  substance  which  we  call  vita¬ 
min  A  has  been  noted  for  more  than  50  years.  It  was  not 
until  about  1913,  however,  that  it  was  proved  to  be  a  food 
requirement.  In  its  absence  humans  and  animals  are  more  sub¬ 
ject  to  eye  infections  and  are  unable  to  adjust  their  eyes  to  see 
in  dim  light.  This  is  called  night  blindness.  Moreover,  the  gen¬ 
eral  health  of  the  body  appears  to  be  better  when  this  vitamin 
A  is  present.  It  is  found  in  milk  products,  yolks  of  eggs,  liver, 
green-leaf  vegetables,  and  in  the  yellow  parts  of  plants  such 
as  carrots.  Cod-liver  oil  and  other  fish-liver  oils  contain  the 
vitamin  in  concentrated  form.  The  yellow  coloring  matter  of 
carrots  is  carotene  and  this  is  changed  to  the  vitamin  within 
the  animal  body.  Because  of  this,  carotene  is  frequently  called 
provitamin  A. 

The  chemical  formula  for  the  vitamin  is  C20H29OH.  It  is 
a  highly  unsaturated  alcohol.  The  formula  for  carotene  is 
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C4oH5(;  and  it  is  a  highly  unsaturated  hydrocarbon.  Within  the 
body  this  hydrocarbon  is  made  to  react  with  water  and  split 
into  two  parts: 

C4oH56  +  2H20  ->  2C20H29OH 

carotene  Vitamin  A 

The  chemist  assigns  this  vitamin  the  following  structure  which 
was  established  by  Paul  Karrer,  a  chemist  of  Zurich. 

CIL  C1T 

3\  ^  3h  h  CHg  H  H  H  Ch3  H  H 

/C\  I  I  I  I  I  I  I  I  I 

h2c  xc— c  =  C— C  =  C— C  =  C— C  =  C— C— OH 


h2c  c— ch3 

h2 


H 


Vitamin  In  the  East  Indies  a  great  many  of  the  natives 
live  on  a  diet  of  rice.  When  polished  rice  was  made  available 
to  them  they  used  it  and  soon  became  stricken  with  a  nervous 
disease  known  as  beriberi.  Later  it  was  shown  that  the  disease 
disappeared  when  the  unpolished  rice  was  again  used.  It  was 
established  that  some  food  factor  is  present  in  the  covering  of 
the  rice  kernel.  Other  sources  of  this  same  food  factor  are 
whole-grain  cereals,  milk,  eggs,  tomatoes,  liver,  and  grapes. 

The  identity  of  the  vitamin  contained  in  the  rice  polishings 
was  established  by  R.  R.  Williams,  a  chemist  for  the  Bell  Tele¬ 
phone  Company,  who  was  stationed  at  one  time  in  the  Philip¬ 
pine  Islands.  He  followed  the  problem  through  as  a  hobby  in 
his  spare  time.  As  a  result  of  his  efforts  the  pure  vitamin  was 
isolated  from  natural  sources  and  later  it  was  made  syntheti¬ 
cally  by  him.  It  is  now  sold  as  “  thiamin.”  He  established  its 
structural  formula. 


N=C — NH2  •  HC1  CH3 

H  I 

|  /  C=C — CH2CH2 — OH 

ch3— c  c - c— n; 

II  II  II  ^c-s 

N— CH  H  Cl  | 

H 
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Vitamin  B2  (G).  In  milk  there  is  a  substance  called  ribo¬ 
flavin  which  seems  to  be  essential  for  growth  and  general 
health.  In  Europe  it  is  called  vitamin  B2  but  in  America  it  is 
termed  vitamin  G.  The  structure  was  established  by  Karrer 
who  synthesized  it.  He  gives  it  the  following  formula: 


H  OH  OH  OH  H 

I  I  I  I  I 

H— C— C— C— C— C— OH 

I  I  I  I 

H  H  H  H 


CH3— C 

I 

ch3— c 


X  /N.  ,N. 
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\ 


G 


'N 
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Vitamin  C.  For  hundreds  of  years  the  disease  known  as 
scurvy  has  been  recognized  among  sailors,  the  length  of  whose 
voyages  prevented  the  use  of  raw  vegetables  and  fruits  as 
foods.  The  suggestion  was  made  two  hundred  years  ago  that 
vegetables  were  needed  to  prevent  this  disease.  Within  recent 
years  the  active  vitamin  material  has  been  isolated  and  shown 
to  be  the  same  as  an  already  known  substance.  It  is  named 
“  ascorbic  acid,”  or  “  cevitamic  acid.”  Its  formula  is  given. 

OH  H  OH  H 

I  i  i  i 

HC  =  C— C— C— C— OH 

I  III 

O  =  C - 0  H  H 


It  is  made  synthetically  from  a  simple  sugar.  Heat  and  air  to¬ 
gether  tend  to  destroy  this  compound  and  thus  it  is  usually 
not  present  in  cooked  foods.  However,  some  canned  foods 
such  as  tomatoes  retain  the  vitamin.  A  plentiful  supply  of 
vitamin  C  may  be  obtained  if  the  diet  includes  such  things  as 
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oranges,  grapefruit,  lemons,  tomatoes,  and  raw  cabbage.  The 
actual  amount  of  the  vitamin  required  appears  to  be  much 
higher  than  in  the  case  of  vitamin  B  and  efforts  should  be  made 
to  include  as  much  of  it  as  possible  in  the  food. 

There  is  additional  evidence  which  indicates  the  need  for 
vitamin  C  for  general  good  health.  Together  with  vitamin  D 
it  helps  to  make  better  teeth. 

Vitamin  D.  The  disease  known  as  rickets  has  affected  innu¬ 
merable  American  children,  particularly  those  who  live  in 
dark  cramped  tenements.  Rickets  results  when  the  body  is 
unable  to  form  proper  bone  tissue.  Even  in  the  presence  of  an 
abundance  of  calcium  and  phosphates  the  bones  fail  to  develop. 
Long  ago  it  was  noticed  that  this  disease  appeared  more  fre¬ 
quently  in  the  winter  months  and  would  disappear  in  the 
summer.  By  feeding  cod-liver  oil  to  children  it  has  been  pos¬ 
sible  to  prevent  the  disease  entirely.  Further  investigation  has 
shown  that  sunlight  or  ultraviolet  light  from  a  special  lamp 
will  cause  the  disease  to  disappear  and  will  also  prevent  it. 
A  substance  known  as  ergosterol  which  occurs  in  yeast  is 
changed  by  ultraviolet  light  to  viosterol  which  will  prevent 
or  cure  rickets.  It  is  thought  that  ergosterol  also  occurs  in  the 
skin  and  is  converted  by  ultraviolet  light,  from  the  sun  or 
lamp,  to  this  same  viosterol.  Many  foods  are  treated  with  ultra¬ 
violet  light  in  order  to  increase  their  content  of  this  substance. 
Such  foods  are  said  to  be  irradiated. 

The  fad  for  sun-tan  is,  in  part  at  least,  due  to  the  idea  that 
sunshine  builds  up  the  supply  of  this  substance  which  has  come 
to  be  called  vitamin  D.  Sunshine  is  truly  important  but  the 
careless  exposure  of  the  body  to  the  rays  of  the  sun  may  cause 
trouble  far  more  serious  than  rickets.  Actually,  enough  sun¬ 
light  will  fall  upon  the  face  and  hands  to  care  for  most  of  the 
needs. 

Vitamin  E.  This  vitamin  is  called  the  reproductive  vitamin 
since  in  its  absence  animals  and  humans  become  sterile  and 
unable  to  have  offspring.  This  substance  occurs  in  certain 
vegetables  such  as  lettuce  and  in  the  oil  surrounding  the  germ 
of  wheat,  corn,  and  other  grains.  The  pure  vitamin  has  been 
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isolated  as  an  oil  and  it  has  been  made  in  the  laboratory  by 
Dr.  Lee  I.  Smith  at  the  University  of  Minnesota.  Present 
knowledge  indicates  that  its  structure  is: 
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Vitamin  BG  (pellagra  preventative).  The  skin  disease 
known  as  pellagra  has  been  a  scourge  of  certain  southern  sec¬ 
tions  for  many  years.  Usually  the  persons  affected  have  scant 
diet  because  they  have  no  cash  with  which  to  buy  food.  The 
disease  may  be  overcome  by  the  free  use  of  milk  and  lean  meat 
together  with  eggs.  A  substance  which  is  an  active  cure  for 
pellagra  has  been  isolated  and  found  to  be  a  compound  related 
to  nicotine.  It  is  called  nicotinic  acid. 
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The  chemist  cannot  have  all  of  the  credit  for  the  isolation 
and  synthesis  of  the  vitamins.  He  has  been  just  one  of  the  many 
groups  including  physiologists,  biologists,  and  dieticians  who 
have  made  definite  contributions  to  this  important  study.  In 
every  case  the  progress  of  the  research  has  depended  upon  feed¬ 
ing  experiments  involving  animals  such  as  rats.  Foods  which 
are  rich  in  particular  vitamins  have  been  determined.  From 
these,  concentrated  extracts  of  the  vitamins  are  prepared.  From 
these  extracts  the  pure  vitamin  has  been  isolated.  At  this  point 
the  work  of  the  chemist  begins.  He  examines  the  compound, 
called  the  vitamin,  in  every  chemical  way  in  order  to  decide 
the  elements  which  may  be  present  and  the  structure  of  the 
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molecules.  After  he  thinks  he  is  sure  of  the  structure  he  sets 
about  to  build  up  a  molecule  by  chemical  methods.  Starting 
with  a  substance  having  a  similar  molecule  or  a  molecule  like 
a  part  of  the  vitamin  molecule  he  adds  groups  to  it  or  takes 
groups  away  from  it  in  order  to  accomplish  his  purpose.  When 
he  is  through,  the  rat-feeding  experiments  must  be  done  over 
again  in  order  to  be  sure  that  the  synthetic  compound  has  the 
same  effect  upon  an  animal  as  does  the  natural  product.  All 
in  all,  like  much  experimental  work,  it  is  a  long  drawn  out  proc¬ 
ess  which  requires  knowledge,  skill,  patience  and  determina¬ 
tion. 

Vitamin  K.  Medical  science  has  long  been  baffled  by  the 
fact  that  certain  persons  have  blood  which  will  not  clot  in  the 
proper  manner.  This  is  of  extreme  importance  in  cases  which 
involve  surgery.  A  number  of  newborn  children  suffer  in  their 
first  week  because  of  hemorrhage.  In  young  chicks  the  small 
blood  vessels  sometimes  burst  and  produce  a  general  condition 
of  bleeding  beneath  the  skin.  It  has  been  determined  that  a 
substance  present  in  fish  meal  and  in  alfalfa  will  prevent  this 
trouble  in  chicks  if  these  are  included  in  their  food.  Profes¬ 
sor  E.  A.  Doisy  and  his  helpers  at  Saint  Louis  University  suc¬ 
ceeded  in  isolating  this  effective  material  during  1939.  Its 
synthesis  by  them  and  others  has  since  been  reported.  Its 
structure  is  written  in  the  following  manner: 
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The  injection  of  this  substance  into  the  blood  results  in  greatly 
accelerated  clotting  time.  Its  use  will  make  many  surgical  op¬ 
erations  safer.  Present  information  indicates  that  its  use  will 
not  benefit  those  suffering  with  inherited  hemophilia.  Admin¬ 
istered  to  expectant  mothers  it  appears  to  diminish  the  danger 
of  hemorrhage  in  the  child. 
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The  chemical  changes  which  take  place  within  the  body  are 
not  entirely  controlled  by  enzymes,  mineral  salts,  and  vitamins 
as  one  may  be  led  to  believe  by  the  earlier  discussions.  The 
body  has  its  own  system  of  regulation  and  a  part  of  this  is  of  a 
chemical  nature.  There  are  certain  substances  produced  within 
the  body  and  carried  by  the  blood  stream  to  other  organs 
or  tissues  where  they  produce  an  activity.  These  substances  are 
called  hormones.  They  are  produced  by  the  glands  of  internal 
secretion,  sometimes  called  the  ductless  glands.  It  is  such  a 
gland  secretion  which  causes  the  male  bird  to  be  highly  colored 
and  full  of  song.  Other  secretions  control  the  rate  of  growth. 
Hence  it  is  obvious  that  improper  gland  control  results  in  a 
dwarf  or  a  giant.  In  a  like  manner  the  body  is  controlled  dur¬ 
ing  fear,  anger,  or  other  emotions.  Already  we  have  men¬ 
tioned  one  such  secretion,  insulin,  which  enables  the  body  to 
burn  glucose  as  a  fuel. 

Thyroxin.  Just  beneath  the  muscles  of  the  neck  there  is  a 
gland  called  the  thyroid  and  its  secretion  is  called  thyroxin. 
This  gland  controls  the  growth  of  both  body  and  mind  by 
supplying  thyroxin  to  the  blood.  Another  important  part 
played  by  thyroxin  is  the  control  of  the  oxidation  of  fuel  in 
the  body  tissues.  The  human  body  has  been  compared  with  a 
furnace  and  thyroxin  is  said  to  open  up  the  draft  so  that  the 
fires  may  burn  rapidly.  During  good  health  the  thyroid  gland 
supplies  the  correct  amount  of  thyroxin  to  keep  the  fires  of 
the  body  going  at  the  correct  rate. 

After  considerable  effort  the  chemical  structure  was  estab¬ 
lished  by  C.  R.  Harrington  of  London  as  follows: 
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It  may  be  recognized  as  an  amino  acid.  Since  it  contains  iodine 
it  is  necessary  that  a  little  iodine  be  consumed  along  with  the 
food  which  we  eat  or  with  the  water  which  we  drink.  The 
sale  of  iodized  salt  has  been  prompted  because  in  some  areas 
there  is  no  natural  iodine  in  the  soil,  or  water.  Some  cities  in 
this  “  goiter  belt  ”  add  sodium  iodide  to  the  drinking  water. 
This  hormone  is  now  manufactured  synthetically  for  the  use 
of  physicians. 

Adrenalin.  When  an  animal  or  man  is  faced  with  a  sudden 
fear  such  as  when  a  car  suddenly  speeds  out  of  a  side  road 
and  you  are  not  sure  whether  you  can  miss  it  or  not,  there  is 
a  secretion  supplied  to  the  blood  from  the  adrenal  glands  in  the 
back.  This  secretion  called  adrenalin  causes  the  blood  vessels 
to  contract,  the  heart  to  speed  up,  and  great  blood  pressure 
results.  Glucose  is  also  released  into  the  blood  from  the  liver 
so  that  the  body  is  in  condition  to  perform  an  immediate  and 
extra  heavy  task.  Furthermore,  in  the  presence  of  adrenalin 
the  blood  clots  much  more  easily  than  normally  and  thus  bleed¬ 
ing  is  stopped  in  case  of  minor  injury  during  a  fight  with  an 
enemy. 

Adrenalin  was  synthesized  as  early  as  1908.  It  has  the  fol¬ 
lowing  structure: 
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It  is  used  extensively  in  medical  practice.  It  causes  a  failing 
heart  to  beat  more  firmly.  It  constricts  the  blood  vessels  around 
a  point  of  injury  or  around  a  minor  operation.  It  is  injected 
along  with  novocaine  around  a  tooth  to  be  extracted.  An  un¬ 
usual  use  is  to  relax  the  muscles  of  the  breathing  ducts  in  cases 
of  asthma. 

Sex  Hormones.  Within  recent  years  a  great  amount  of  med¬ 
ical  and  chemical  study  has  been  given  to  the  hormones  that 
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influence  sex  characteristics.  It  has  been  proved  that  the  sex 
glands  secrete  compounds  which  bring  about  the  changes  as 
the  body  nears  maturity.  The  male  hormone  causes  the  growth 
of  hair  on  the  face  and  the  enlargement  of  that  portion  of  the 
larynx  which  lowers  the  pitch  of  a  boy’s  voice.  The  female 
hormones  bring  about  those  changes  which  result  in  enlarged 
breasts  and  hair  growth  on  the  pubis,  and  in  the  armpits.  There 
are  two  or  more  male  hormones  and  possibly  four  or  more 
female  hormones.  Each  hormone  plays  also  a  particular  part  in 
the  reproductive  process. 

Even  though  the  sex  hormones  are  important  in  the  control 
of  the  sex  processes  they  are  not  the  primary  substances  re¬ 
sponsible  for  this  action.  The  master  hormone,  or  group  of 
hormones,  is  secreted  by  the  anterior  lobe  of  the  pituitary 
gland  and  passes  in  the  blood  stream  to  the  sex  glands.  There  it 
stimulates  these  organs  to  produce  either  male  or  female  hor¬ 
mones.  These  active  substances  from  the  pituitary  are  called 
gonadotropic  hormones.  That  both  types  of  hormones  are 
produced  by  either  sex  is  shown  by  the  fact  that  the  urine  of 
the  stallion  contains  more  female  hormone  than  does  the  urine 
of  the  pregnant  mare,  the  next  best  source. 

The  chief  male  hormones  are  androsterone, 
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and  testosterone, 
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The  female  hormones  are  theelin  (oestrone), 
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progesterone, 


and  pregnandiol, 

OH 

i 

h2  h— c— ch3 

II  I 


c  xc 

II  II 


h2  h2 


SEX  HORMONES 


44  5 


Even  a  person  not  too  well  acquainted  with  chemistry  can 
see  that  the  formulas  for  these  compounds  are  quite  similar. 
It  is  certain  that  these  substances  act  in  a  strictly  chemical 
fashion,  and,  because  of  this,  they  and  many  other  hormones 
are  known  as  chemical  regulators. 

The  field  of  hormones  has  hardly  been  scratched.  At  the 
present  time  it  is  one  of  the  most  active  branches  of  chemistry 
as  well  as  of  physiology.  Large  numbers  of  workers  are  em¬ 
ployed  in  the  many  investigations  under  way.  The  use  of  sex 
hormones  in  medical  practice  is  becoming  established.  The 
relief  from  human  suffering  which  the  use  of  these  hormones 
has  brought  about  is  truly  remarkable.  However,  we  still  must 
rely  upon  animals  and  man  for  the  source  of  supply.  Someday 
the  chemist  will  be  able  to  synthesize  these  hormones  and  sup¬ 
ply  them  in  pure  form  free  from  any  contaminating  matter. 

DRUGS 

As  far  back  in  history  as  we  may  go  we  find  that  man  has 
used  various  preparations  to  ease  his  pain  and  drive  away  his 
illness.  We  shall  not  attempt  to  trace  the  progress  of  medi¬ 
cine,  but  we  may  recall  that  early  in  the  sixteenth  century 
Paracelsus  preached  the  idea  that  life  is  a  chemical  process.  He 
was  a  teacher  of  medicine  and  he  compelled  his  students  to 
study  a  little  chemistry.  He  also  induced  the  alchemists  to  give 
up  their  search  for  gold  and  devote  their  efforts  to  the  prepara¬ 
tion  of  remedies.  Since  then  the  progress  of  chemistry  in  medi¬ 
cine  has  been  very  definite  though  sometimes  quite  slow.  At  the 
present  time  we  have  some  remedies  of  a  general  nature  such 
as  “  aspirin  ”  which  is  called  upon  to  help  everything  from 
a  toothache  to  a  case  of  “  nerves.”  On  the  other  hand  there 
are  some  remedies  which  are  specific  for  certain  ailments. 
Thus  “  salvarsan  ”  was  made  to  combat  syphilis  and  “  sulfa¬ 
nilamide  ”  is  used  to  fight  streptococcic  infections. 

In  general  we  may  classify  the  majority  of  medicines  into 
such  groups  as  laxatives,  pain  easers,  germ  destroyers  and  in¬ 
hibitors,  narcotics,  etc.,  but  a  complete  list  would  become  too 
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large.  We  shall  attempt  to  consider  a  very  few  substances 
which  represent  real  chemical  achievement  in  medicine. 

Aspirin.  Because  of  well-planned  and  executed  advertising 
the  average  person  is  acquainted  with  aspirin  and  its  uses.  This 
substance  is  one  of  many  related  compounds  which  possess 
the  ability  to  relieve  pain  and  reduce  fever  as  well  as  ease  rheu¬ 
matic  conditions.  The  substance  from  which  all  of  these  com¬ 
pounds  are  made  is  salicylic  acid.  The  pure  stuff  is  not  so 
pleasant  to  take,  however,  as  are  many  of  its  derivatives.  Some 
of  these  derivatives  are  even  more  effective  than  is  salicylic 
acid.  Aspirin  is  acetylsalicylic  acid: 
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It  may  be  made  by  chemical  changes  from  substances  obtained 
from  coal  tar  (benzene),  and  because  of  this  it  is  classed  as  a 
“  coal  tar  ”  medicine.  Some  persons,  because  of  their  chemical 
make-up,  are  unable  to  use  aspirin.  Others  suffer  from  its  over¬ 
use.  From  the  enormous  quantities  of  this  material  sold  one 
might  imagine  that  it  is  habit  forming  but  such  a  notion  is  en¬ 
tirely  without  foundation. 

In  many  cases  of  rheumatic  pains  and  muscular  soreness  the 
physician  may  prescribe  the  use  of  sodium  salicylate.  This  is 
the  salt  formed  by  neutralizing  salicylic  acid  with  sodium  hy¬ 
droxide.  It  is  rapidly  hydrolyzed  in  the  stomach  to  give  sali¬ 
cylic  acid  and  many  persons  are  not  able  to  retain  it  on  account 
of  this.  Just  how  the  salicylates,  including  aspirin,  are  able  to 
relieve  pain  is  not  understood. 
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It  is  quite  interesting  that  the  flavoring  called  oil  of  winter- 
green  is  chemically  related  to  aspirin.  Produced  by  the  union 
of  salicylic  acid  with  methyl  alcohol  it  is  methyl  salicylate : 
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Phenacetin.  Another  type  of  pain  relievers  contain  com¬ 
pounds  made  from  para-aminophenol : 
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The  most  common  of  these  is  called  phenacetin: 
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All  of  these  preparations  are  used  as  headache  tablets  and  to 
relieve  fever.  They  actually  do  relieve  these  conditions  but 
their  use  should  be  carefully  controlled  by  a  physician.  In 
some  people  they  have  a  pronounced  action  on  the  blood  by 
the  destruction  of  the  red  corpuscles.  They  depress  the  heart 
action  also.  In  many  diseases  this  action  would  be  quite  dan¬ 
gerous. 

Amytal.  It  is  frequently  necessary  to  administer  a  powerful 
and  effective  pain  reliever.  For  this  there  is  a  group  of  com¬ 
pounds  which  may  be  made  from  barbituric  acid.  All  of  these 
tend  to  relieve  pain,  quiet  the  nerves,  and  produce  sleep.  This 
last  property,  that  of  producing  sleep,  has  caused  many  per¬ 
sons  to  use  these  substances.  One  of  the  best  known  of  these  is 
amytal: 
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Other  such  compounds  are  known  as  “  neonal,”  “  ipral,”  “  pen¬ 
tobarbital,”  “  luminal  ”  and  “  dial.”  All  of  these  are  the  same 
except  for  the  two  hydrocarbon  radicals  (C5Hn  and  C2H5) 
which  may  be  replaced  by  others. 

All  of  these  compounds  are  effective  sedatives  and  hyp¬ 
notics,  and  are  used  in  hysteria,  insomnia,  epilepsy,  and  in 
mental  disturbances.  They  are  frequently  used  together  with 
the  salicylates  for  the  relief  of  neuralgic  pain.  With  sodium 
hydroxide  these  compounds  form  sodium  salts  since  one  of 
the  hydrogen  atoms  attached  to  nitrogen  (H— N)  behaves  like 
the  hydrogen  in  acids.  These  salts  are  more  soluble  and  give 
more  rapid  action  than  do  the  original  substances. 

Under  the  care  of  a  physician  these  substances  are  relatively 
safe  but  their  careless  use  may  result  in  collapse. 

Pep  Pills.  Within  the  past  few  years  there  has  been  a  tre¬ 
mendous  increase  in  the  consumption  of  drugs  which  prevent 
sleep.  Possibly  it  is  because  of  the  strain  of  modern  living. 
Further,  we  find  that  great  sales  of  these  drugs  occur  near 
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colleges  and  universities  during  examination  periods.  One  of 
the  most  popular  substances  used  for  this  purpose  is  benze¬ 
drine: 
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Experimenters  are  watching  it  to  discover  if  its  use  is  dan¬ 
gerous.  They  know  that  it  does  cause  restlessness  and  encour¬ 
ages  the  dangerous  practice  of  “  burning  the  candle  at  both 
ends.” 

Ephedrine.  The  many  thousands  of  persons  who  suffer 
from  sinus  infections  and  asthma  are  grateful  for  ephedrine. 
By  its  use  the  swollen  membranes  of  the  sinus  may  be  shrunk 
to  normal  size  and  thus  it  results  in  relief  from  intense  pain. 
Its  effect  upon  the  muscles  as  well  as  upon  the  nervous  system 
helps  materially  in  the  prevention  of  attacks  of  asthma.  Most 
of  the  compound  used  is  prepared  from  a  Chinese  herb,  ma 
huang.  Chemically  it  is  much  like  adrenalin  which  we  would 
expect  from  its  structure. 
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Methods  for  its  synthesis  have  been  discovered  but  as  yet  we 
are  dependent  upon  China  for  our  supply. 
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Cocaine.  The  use  of  cocaine  has  relieved  much  suffering 
because  of  its  action  as  a  local  anesthetic.  This  material  which 
occurs  naturally  in  the  leaves  of  a  certain  coca  tree  also  has 
many  effects  upon  the  human  body  which  are  detrimental. 
One  of  the  greatest  objections  to  it  is  the  fact  that  its  use  is 
habit  forming.  The  chemical  structure  of  this  compound  has 
been  determined  after  years  of  experimentation.  It  may  be  seen 
to  be  a  nitrogen-containing  substance. 
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Hundreds  of  experiments  with  similarly  constituted  com¬ 
pounds  have  revealed  the  fact  that  it  is  the  arrangement  of 
atoms  found  within  the  dotted  rectangle  which  contributes 
the  anesthetic  properties  to  cocaine.  A  number  of  new  com¬ 
pounds  containing  this  or  a  similar  grouping  of  atoms  have 
been  made  and  they  all  have  anesthetic  action  when  injected 
into  animals.  The  most  successful  of  these  is  known  as  procaine 
or  novocaine; 
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Novocaine  is  used  successfully  in  many  minor  operations  and 
is  the  chief  substance  injected  around  a  tooth  which  is  to  be 
pulled. 

The  investigations  which  resulted  in  the  discovery  of  novo¬ 
caine  are  typical  of  things  which  are  constantly  being  done  by 
chemists.  Some  persons  think  that  these  things  are  done  because 
of  an  unsatisfied  curiosity  on  the  part  of  the  chemist  and  in 
part  they  are  right.  But  chemists  also  look  on  it  as  the  perform¬ 
ance  of  a  duty  to  mankind. 

Chaulmoogra  Oil.  There  are  many  medicines  which  have 
been  used  for  centuries  because  someone  at  sometime  discov¬ 
ered  that  chewing  the  leaves  of  a  certain  tree  or  shrub  would 
relieve  a  pain  or  cure  an  illness.  The  use  of  quinine  to  combat 
malaria  is  an  outstanding  example  of  this.  Another  is  chaul¬ 
moogra  oil  which  is  used  in  the  treatment  of  leprosy.  In  cer¬ 
tain  tropical  countries  of  the  Far  East  the  natives  have  used 
this  oil  to  rub  on  their  leprosy  wounds  and  have  also  taken  it 
by  mouth.  Drinking  the  oil  caused  nausea  and  intense  suffer¬ 
ing.  A  native  superstition  was  to  the  effect  that  the  patient 
would  get  well  if  he  could  survive  the  treatment. 

At  about  the  beginning  of  the  present  century  a  study  was 
begun  for  the  purpose  of  finding  out  the  chemical  nature  of 
chaulmoogra  oil.  Much  has  been  accomplished  by  many  ex¬ 
perimenters.  The  oil  has  been  treated  with  caustic  soda  and 
converted  into  a  soap  (natural  oils  are  esters).  Water  solu¬ 
tions  of  this  soap  have  been  injected  under  the  skin  with  some 
success.  Another  worker  treated  the  oil  with  sulfuric  acid  and 
ethyl  alcohol.  This  produced  a  compound  which  could  be 
injected  into  the  muscles.  Remarkable  results  have  come  from 
its  use. 

These  studies  have  resulted  in  the  cure  of  many  lepers.  But 
the  real  advance  in  their  treatment  is  just  beginning.  The  true 
chemical  nature  of  the  effective  part  of  chaulmoogra  oil  is 
now  known.  Other  compounds  by  the  score  have  been  made 
and  they  are  being  tried.  By  changing  a  group  of  atoms  in  one 
part  of  the  molecule  the  chemist  is  able  to  remove  some  of 
the  poisonous  effect  of  the  natural  oil,  and,  by  adding  a  group 
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of  atoms  in  another  part  of  the  molecule,  he  is  able  to  increase 
its  action  upon  the  germ  of  the  disease.  The  effective  part  of 
the  oil  is  the  acid  of  the  ester  and  is  known  as  chaulmoogric 
acid: 
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It  has  been  shown  definitely  that  it  is  the  ring  in  the  mole¬ 
cule  which  has  the  particular  effect  wanted.  By  making  a 

molecule  with  the  acid  ( — C— OH)  group  nearer  to  the  ring 
chemists  have  improved  its  medicinal  value. 

At  the  present  time  it  seems  quite  probable  that  leprosy  will 
become  a  rare  disease  wherever  treatment  may  be  given.  Many 
infected  countries  have  already  felt  the  effect  of  the  research 
and  are  beginning  to  do  away  with  their  isolation  colonies. 
The  chemists  together  with  the  daring  physicians  who  have 
made  this  possible  cannot  be  praised  too  highly.  No  doubt 
they  have  started  to  wipe  out  a  pestilence  which  has  harassed 
the  human  race  for  more  than  7000  years. 

Sulfanilamide.  In  1935,  announcement  was  made  of  the 
successful  use  of  sulfanilamide  in  the  treatment  of  blood  poi¬ 
soning.  Since  that  time  it  has  been  tried  in  all  sorts  of  cases 
involving  infection  and  contagious  diseases.  Hardly  a  month 
goes  by  without  the  addition  of  another  disease  to  the  list  of 
those  it  helps  to  combat.  Even  in  this  day  of  wonders  when 
no  one  is  surprised  at  any  new  device  which  may  come  out 
we  must  stand  in  awe  of  the  miraculous  action  of  this  drug.  We 
must  not  consider  it  as  a  lucky  accident,  however.  It  came 
from  a  long  series  of  experiments  which  were  planned  for  the 
purpose.  The  compounds  used  at  the  beginning  of  these  ex¬ 
periments  have  been  known  for  thirty  years  and  something 
of  their  action  on  bacteria  has  been  known  for  much  of  this 
time.  Those  chemists  who  carried  out  the  investigation  fol- 
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lowed  the  usual  procedure  of  making  new  compounds  with 
molecules  a  little  different  from  the  ones  last  tried.  They  were 
finally  able  to  hit  upon  the  chemical  groups  which  were  essen¬ 
tial.  These  were  brought  together  in  the  same  molecule  and 
sulfanilamide  was  the  result.  Its  structure  is  relatively  simple: 
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This  drug  appears  to  retard  the  normal  growth  of  the  dis¬ 
ease  bacteria  and  thus  gives  the  body  a  chance  to  kill  them 
off.  This,  of  course,  calls  for  a  relatively  healthy  body.  It  natu¬ 
rally  follows  that  the  drug  will  not  be  effective  in  all  cases.  Its 
use  is  not  without  danger.  When  used  in  large  amounts,  as  is 
sometimes  necessary,  it  causes  the  destruction  of  the  blood 
cells.  If  certain  foods  or  other  medicinals  such  as  laxatives  are 
used  along  with  sulfanilamide  the  results  may  become  danger¬ 
ous  because  of  upset  body  conditions.  It  must  be  borne  in 
mind  that  sulfanilamide  should  be  used  only  under  the  direct 
supervision  of  a  physician. 

Sulfapyridine.  The  constant  desire  for  a  better  product  has 
resulted  in  the  manufacture  and  testing  of  hundreds  of  deriva¬ 
tives  of  sulfanilamide.  Many  of  these  have  been  proved  to  be 
worthless  and  many  others  are  a  little  less  effective  than  sulfa¬ 
nilamide  itself.  Some  are  too  violently  poisonous  to  be  con¬ 
sidered.  However,  one  product,  called  sulfa  pyridine,  seems 
destined  to  revolutionize  the  treatment  of  pneumonia.  Some 
physicians  who  have  been  experimenting  with  this  drug  have 
gone  so  far  as  to  predict  the  end  of  deaths  due  to  this  disease. 
When  it  is  remembered  that  pneumonia  stands  near  the  head 
of  the  list  of  diseases  which  cause  death  this  prediction  is 
almost  unbelievable. 
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The  chemical  similarity  of  sulfapyridine  to  sulfanilamide  is 
easily  seen  from  its  formula: 
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It  is  too  early  as  yet  to  know  very  much  about  this  new  drug. 
However,  it  is  known  that  all  of  the  care  necessary  in  the  use 
of  sulfanilamide  must  also  be  observed  with  sulfapyridine. 
Because  of  the  dangerous  nature  of  pneumonia,  the  patient  is 
already  in  a  critical  condition  and  thus  it  becomes  far  more 
urgent  that  extreme  care  be  used.  Already  the  clinical  meth¬ 
ods  have  been  standardized  enough  to  release  the  drug  for 
general  medical  practice. 

The  War  on  Syphilis.  This  chapter  which  deals  with  the 
usefulness  of  chemistry  in  the  production  of  medicines  would 
be  incomplete  without  some  mention  of  the  part  which  chem¬ 
istry  has  taken  and  will  continue  to  take  in  the  fight  on 
syphilis.  Because  of  government  and  medical  public  health 
activity  the  secretiveness  connected  with  this  widespread  dis¬ 
ease  is  fast  disappearing,  and  thousands  of  infected  persons  are 
receiving  treatment  at  the  hands  of  competent  physicians. 

It  was  about  the  beginning  of  the  present  century  that  or¬ 
ganic  compounds  containing  arsenic  were  first  used  in  experi¬ 
mental  investigations.  Most  of  these  tests  were  made  upon  ani¬ 
mals  such  as  apes,  rabbits,  and  rats.  Those  compounds  which 
showed  promise  were  carefully  studied  with  regard  to  their 
action  on  the  germs  and  their  effect  on  the  animal.  New  mole¬ 
cules  were  built  and  similar  experiments  were  conducted  over 
several  years.  The  great  German  chemist,  Ehrlich,  made  pos¬ 
sible  the  use  of  an  acceptable  compound  in  1910.  This  he  called 
“  Salvarsan  ”  and  it  bore  the  number  “  606  ”  in  his  records.  We 
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do  not  know  how  many  separate  compounds  had  been  tried  in 
his  laboratory  but  from  the  number  assigned  to  this  substance 
it  must  have  been  large. 

The  investigation  did  not  stop  here  with  apparent  victory. 
Other  compounds  were  made.  There  was  the  constant  effort  to 
decrease  the  poisonous  effect  of  the  drug  on  the  body  as  well 
as  the  tendency  of  these  compounds  to  affect  the  vision.  Ehr¬ 
lich  was  able  to  produce  a  much  more  desirable  compound 
called  neoarsphenamine  with  the  following  structure: 
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There  are  still  other  such  compounds  which  can  be  used  and 
many  workers  are  making  additional  ones.  In  every  case  the 
new  compound  must  be  used  in  actual  tests  but  the  work  has 
progressed  to  the  extent  that  the  chemist  can  usually  predict 
the  action  of  the  new  material  before  it  has  been  tried.  The 
work  has  come  a  long  way  since  1900  and  there  is  reason  to 
believe  that  syphilis,  too,  will  before  long  give  way  before  the 
combined  assault  of  chemistry  and  medicine. 


SUMMARY 

The  vitamins  are  compounds  which  appear  to  behave  as 
body  catalysts.  Their  presence  is  necessary  for  proper  health. 
They  and  their  functions  are  detected  by  feeding  experiments 
using  controlled  diets.  Present  information  confirms  the  pres¬ 
ence  of  eight  such  materials  which  are  listed  as  vitamins  A,  Bi, 
B2,  Bg,  C,  D,  E,  and  K. 

Certain  glands  of  the  body  secrete  regulating  fluids  known 
as  hormones.  These  regulate  growth,  development,  mentality, 
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and  health.  As  with  vitamins,  many  of  these  have  been  made 
in  the  laboratory  by  synthetic  methods. 

Drugs  and  remedies  are  best  designed  to  fit  into  the  chem¬ 
istry  of  the  body  though  some  have  an  action  which  has  not 
been  explained.  One  compound  which  is  applied  with  success 
brings  forth  other  similarly  constituted  substances  which  as  a 
rule  have  similar  action.  The  physiological  behavior  of  a  drug 
appears  to  be  a  function  of  its  molecular  structure. 

New  developments  are  being  made  in  the  field  of  specific 
drugs  which  attack  particular  diseases.  This  has  resulted  from 
close  co-operation  between  synthetic  chemistry  and  medicine 
along  with  the  related  sciences  of  disease. 

REVIEW  QUESTIONS 

1.  List  the  vitamins  together  with  the  effects  produced  by  their 
absence. 

2.  In  what  respect  do  vitamins  differ  from  hormones,  both  as 
to  source  and  action? 

3.  Why  should  care  be  used  in  taking  the  common  pain  reliev¬ 
ing  drugs? 

4.  What  do  we  mean  by  specific  drugs? 

5.  Look  up  recent  popular  articles  concerning  sulfanilamide  and 
sulfapyridine.  List  some  of  their  uses. 

6.  What  is  the  present  status  of  the  leper  colony? 

7.  What  governmental  aid  is  being  given  to  the  war  on  syphilis? 

8.  Why  do  most  states  regulate  the  sale  of  compounds  involv¬ 
ing  barbituric  acid? 
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RESEARCH  — MOTHER  OF 
PROGRESS 


We  have  come  to  the  final  chapter  in  this  survey  of  chemistry. 
Through  all  of  the  preceding  pages  we  have  tried  to  show  that 
chemistry  is  not  only  a  useful  daily  tool,  but  that  it  is  also  a 
tremendous  factor  in  the  development  of  American  business 
industry  and  exerts  a  powerful  force  upon  the  destiny  of  men. 
In  our  discussion  of  chemistry  we  have  chosen  topics  of  uni¬ 
versal  interest  because  these  apply  not  only  to  every  person 
who  reads  this  book  but  to  everyone  who  lives,  breathes,  and 
enjoys  modern  society.  Of  course,  we  could  not  by  any  means 
tell  the  whole  story.  In  any  book  there  is  a  limitation  upon 
the  amount  of  material  which  may  be  presented.  However,  the 
reader  may  now  have  some  conception  of  the  contribution 
which  chemistry  has  made  and  which  it  may  continue  to  make 
in  the  future.  This  contribution  never  has  been,  and  never 
will  be,  an  accidental  one.  It  is  true  that  there  have  been  a 
few  accidental  discoveries,  unexpected  by  the  researcher  who 
made  them,  but  even  these  usually  came  out  of  long  experi¬ 
menting  on  something  else.  But  on  the  whole  the  results  to 
which  chemistry  can  point  so  proudly  have  been  obtained  be¬ 
cause  of  planned  investigations.  Such  planned  investigation  is 
called  research. 

Only  a  few  years  ago  our  industries  were  concerned  chiefly 
with  the  natural  materials  which  man  has  known  for  centu¬ 
ries.  The  fibers  for  our  clothing  and  other  textiles  came  from 
sheep,  silkworms,  and  plants  such  as  cotton  and  flax.  Consid¬ 
erable  attention  was  also  given  to  the  production  of  other  such 
natural  materials  as  hides,  bone,  ivory,  saps  of  trees,  and  any¬ 
thing  else  which  nature  had  processed  and  for  which  man 
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had  found  a  use.  The  materials  of  construction,  stone  from 
quarry  and  field  and  wood  from  the  forest,  with  which  were 
built  homes  and  factories,  were  the  same  as  our  forefathers  had 
used.  The  clothing  worn  by  people  was  the  same  sort  of  stuff 
as  men  had  worn  for  hundreds  of  years.  Even  the  soap  used 
in  laundries  and  in  the  home  had  not  been  materially  improved 
for  generations.  It  is  true  that  men  had  improved  the  mechan¬ 
ical  methods  of  making  articles  from  nature’s  materials.  But 
more  than  that  they  had  done  little. 

Within  the  past  quarter  of  a  century,  however,  the  entire 
business  world  has  taken  a  wholly  new  attitude  toward  the 
raw  materials  which  nature  has  supplied  us.  No  longer  do  we 
praise  the  “  natural  ”  and  scorn  the  “  synthetic  ”  product.  No 
longer  do  men  limit  their  inventive  ideas  to  new  ways  to  pack¬ 
age  the  old  goods.  Now  they  try  to  take  material  which  can¬ 
not  itself  be  used  and  transform  it  through  chemistry  to  new 
and  unheard-of  things  which  people  can  use.  After  these  new 
articles  are  produced  it  is  up  to  the  sales  forces  to  lure  people 
to  want  them,  buy  them,  and  use  them.  Our  modern  com¬ 
merce  is  full  of  such  commodities.  Some  of  them  you  know. 
For  example,  we  have:  antifreeze  for  our  cars  which  is  pro¬ 
duced  from  waste  oil  refinery  gas;  synthetic  methyl  alcohol 
frota  coal  and  water;  ammonia  for  the  manufacture  of  ferti¬ 
lizers  and  explosives  from  water  and  air;  modern  plastics  such 
as  “  bakelite  ”  from  coal  tar,  ammonia,  and  methyl  alcohol; 
rayon  and  cellulose  film  such  as  cellophane  from  cotton  and 
wood;  material  to  prevent  the  knock  in  an  automobile  engine 
made  possible  because  of  bromine  in  sea  water;  and  synthetic 
rubber  of  high  quality  from  limestone,  coal,  water,  and  salt. 

No  one  could  foresee  the  far-reaching  effect  of  the  discov¬ 
ery  of  any  one  of  these  new  products.  It  is  quite  probable  that 
no  one  really  saw  that  they  were  being  discovered.  It  all  came 
about  so  slowly.  The  first  facts  leading  to  these  things  were 
discovered  many  years  ago  by  laboratory  workers  who  were 
trying  to  investigate  the  properties  of  matter,  doing  what  is 
called  “  pure  ”  research.  In  the  years  which  followed  there 
were  additional  facts  brought  to  light  by  still  other  workers.  It 
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was  upon  such  a  foundation  that  the  investigations  of  recent 
times  began.  Slowly  the  facts  were  pieced  together,  and  some¬ 
one,  with  the  ability  to  see  usefulness  in  the  uncommon,  found 
how  to  make  a  new  material.  He  showed  that  it  could  be  used 
to  make  something  which  would  fill  a  human  need.  Thus  it 
is  that  the  inventor  in  modern  times  does  not  have  to  work 
with  the  old  materials;  he  has  access  to  thousands  of  the  new. 
With  these  he  gets  new  inspirations. 

This  business  of  finding  out  about  what  things  are  chemically 
as  well  as  what  they  will  do  and  what  can  be  made  from  them 
as  chemical  substances  is  studied  with  profound  practical  in¬ 
terest  by  manufacturing  industries.  During  1938  the  industries 
of  the  United  States  spent  more  than  $250,000,000  for  re¬ 
search.  This  was  not  limited  to  a  few  concerns  but  included 
nearly  1800  laboratories.  Likewise  it  did  not  include  the  vast 
amount  done  by  college  and  university  workers.  A  great 
amount  of  the  total  was  spent  in  the  development  of  new  raw 
materials.  However,  every  manufacturer  must  protect  his 
own  product  at  all  times.  One  way  of  doing  this  is  through 
research.  If  some  new  use  can  be  found  for  his  product  he 
should  be  the  one  to  find  it  if  he  can.  And  if  a  product  can  be 
found  which  can  force  his  off  the  market,  he  had  better  be  the 
one  who  finds  it.  Thus  research  is  partly  for  protection  and 
partly  for  development. 

An  example  of  what  can  happen  is  found  in  the  wood  dis¬ 
tillation  industry.  A  few  years  ago  the  industry  which  makes 
charcoal  was  also  producing  wood  alcohol,  acetone,  and  acetic 
acid  by  somewhat  wasteful  and  costly  methods.  They  had 
nothing  to  worry  about  because  all  of  the  wood  alcohol  con¬ 
sumed  by  other  industries  had  to  be  purchased  from  them  at 
their  price.  Suddenly  the  entire  wood  distillation  business  was 
caught  “  flat-footed  ”  when  it  was  announced  that  methyl 
alcohol  could  be  produced  synthetically  at  a  fraction  of  the 
cost  of  their  product.  The  investment  in  wood  distillation 
equipment  in  this  country  was  something  like  $35,000,000. 
Almost  overnight  its  value  was  considerably  reduced.  They 
did  not  go  out  of  business,  however,  because  the  prohibition 
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laws  then  in  effect  stipulated  that  “  wood  spirits  ”  must  be  used 
to  denature  grain  alcohol  in  order  to  avoid  the  high  tax. 

This  allowed  a  period  of  a  few  years  for  the  industry  to  put 
their  house  in  order.  They  began  research  and  found  that  they 
could  cut  costs  here  and  there  in  their  processes.  They  sought 
new  markets  for  their  products  and  are  now  seeking  new  uses 
for  the  things  which  they  make.  In  the  meantime,  they  have 
seen  the  chemists  produce  acetone  and  acetic  acid  by  synthetic 
processes.  However,  thanks  to  their  research,  they  are  still  in 
business  for  the  time  being  and  may  not  be  done  for  at  all  if 
they  keep  up  their  research.  Of  course,  they  are  helped  to  a 
considerable  extent  by  the  fact  that  they  produce  charcoal 
which  still  finds  a  sale. 

There  are  hundreds  of  outstanding  examples  of  firms  that 
have  prospered  through  research.  Their  achievements  have 
placed  the  United  States  at  the  top  in  industrial  progress.  The 
ramifications  of  modern  industrial  research  are  illustrated  in  the 
histories  of  certain  products.  Some  of  these  have  recently  been 
brought  together.  An  instance  is  to  be  found  in  Industrial  and 
Engineering  Chemistry ,  May  1939. 

Taking  Pictures.  The  man  who  founded  the  Eastman  Ko¬ 
dak  Company  learned  the  art  of  taking  pictures  in  1877.  He 
realized  that  his  art,  like  the  other  arts,  had  a  scientific  foun¬ 
dation  and  that  chemistry  was  involved  in  the  process.  Hence 
he  spent  much  time  with  chemical  textbooks.  His  hobby,  with 
him,  became  almost  a  passion.  There  were  so  many  obvious  im¬ 
provements  to  be  made  and  almost  from  the  first  he  could  see 
them.  The  “  portable  ”  camera  outfit  of  those  days  included 
a  cumbersome  camera,  a  light-proof  tent,  bottles  of  solutions 
into  which  the  photographic  plate  had  to  be  dipped  just  be¬ 
fore  exposure,  and  other  solutions  for  the  development  of  the 
picture  immediately  after  exposure. 

By  1880  he  had  done  a  lot  of  experimenting  and  was  in  the 
business  of  making  photographic  plates  to  be  used  dry.  All 
plates  used  at  that  time  were  of  glass  and  Eastman  schemed  to 
decrease  the  weight  and  bulk.  Research  (investigation)  demon¬ 
strated  that  the  photographic  coating  could  be  applied  to  a 
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strip  of  paper  instead  of  to  glass.  This  was  done.  But  further 
research,  together  with  actual  tryouts,  showed  this  to  be  un¬ 
satisfactory.  His  investigation  then  turned  to  cellulose  nitrate. 
Eastman  realized  that  he  was  not  enough  of  a  chemist  to  solve 
the  problem.  In  1886  he  hired  a  chemist  to  work  on  the  coating 
of  cellulose  nitrate  film  with  photographic  material.  It  took 
three  years  to  solve  the  problem  but  together  they  produced  a 
transparent  film  which  could  be  sold  in  the  form  of  a  roll.  So 
far  as  is  known  this  was  one  of  the  first  research  chemists  to 
be  employed  by  an  American  firm. 

Other  experiments  and  additional  workers  followed  and 
these  brought  about  modifications  of  the  camera  and  apparatus 
to  be  used  for  amateur  developing  and  printing.  Soon  after¬ 
ward  the  motion-picture  film  was  devised.  As  the  industry 
gained  in  momentum  it  became  necessary  to  investigate  the 
chemistry  of  nitrocellulose  products.  This  was  followed  by  a 
study  of  cellulose  acetate  for  safety  film  in  home  movie  sets. 
Before  they  got  very  far  the  investigations  took  them  into  the 
field  of  glass  and  the  construction  of  lenses.  Because  they 
needed  a  large  amount  of  special  paper  for  printing  pictures 
they  had  to  create  a  new  process  of  papermaking.  Large 
amounts  of  chemicals  of  known  purity  were  required  which 
they  were  forced  to  manufacture. 

Out  of  such  an  organization  is  sure  to  come  a  lot  of  knowl¬ 
edge.  Their  chemists  and  other  research  workers  became  ex¬ 
perts  in  their  fields.  From  the  knowledge  of  cellulose  acetate 
gained  through  study  of  safety  film  the  company  was  able  to 
start  the  manufacture  of  cellulose  acetate  rayon.  This  low¬ 
ered  the  cost  of  their  film  but  it  also  placed  them  as  one  of  the 
largest  acetate  rayon  producers  in  the  world.  For  the  same 
reason  they  supply  much  of  the  cellulose  acetate  to  be  used 
as  the  middle  strip  in  laminated  safety  glass.  Their  chemical 
manufacturing  department  now  offers  more  than  3000  organic 
chemicals  for  sale.  Many  of  these  cannot  be  obtained  elsewhere. 
This  branch  of  the  picture-taking  business  has  been  a  remark¬ 
able  aid  to  research  chemists  all  over  the  country. 

This  industry  was  founded  and  built  upon  research.  Since 
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1886  the  research  force  has  been  expanded  to  about  500  per¬ 
sons.  However,  these  are  not  all  chemists.  They  must  cover  all 
phases  of  the  industry  and  include  such  fields  as  raw  materials, 
processing,  and  use  of  the  products. 

Antifreeze  for  Cars.  More  than  fifteen  years  ago  a  firm 
which  manufactured  and  sold  acetylene  hit  upon  the  idea  of 
producing  it  from  petroleum.  If  you  recall  we  have  mentioned 
the  preparation  of  acetylene  from  calcium  carbide.  By  crack¬ 
ing  the  petroleum  under  certain  conditions  their  research 
workers  were  able  to  produce  acetylene  and  their  plan  was 
seemingly  successful.  However,  in  the  purification  of  the 
acetylene  they  discovered  that  considerable  ethylene  was  also 
produced.  So  much  ethylene  was  produced  that  they  had  to 
find  a  use  for  it.  To  throw  it  away  would  make  the  process  too 
expensive.  They  could  not  leave  it  in  with  the  acetylene. 

These  research  workers  knew  that  ethylene  could  be  con¬ 
verted  to  a  compound  known  as  ethylene  glycol  (Chapter 
17)  but  they  did  not  know  how  to  do  this  on  a  large  scale. 
When  once  obtained,  ethylene  glycol  could  be  used  as  a  sub¬ 
stitute  for  glycerin  in  nitroglycerin.  They  began  their  in¬ 
vestigation  with  such  use  in  view.  The  chemical  change  neces¬ 
sary  is  not  very  complex. 
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However,  all  methods  used  up  to  that  time  by  other  labora¬ 
tory  workers  had  failed  to  give  satisfactory  results. 

It  was  not  long  after  the  new  research  started  that  the  per¬ 
sons  in  charge  began  to  report  success.  They  were  so  positive 
of  their  results  that  the  manufacturers  began  to  produce  ethy¬ 
lene  glycol  in  large  quantities.  However,  instead  of  offering  it 
for  sale  to  the  makers  of  nitroglycerin  and  dynamite  they 
created  a  new  market  at  a  higher  price.  They  sold  it  to  auto¬ 
mobile  owners  as  an  antifreeze. 
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Just  as  soon  as  large  quantities  of  ethylene  glycol  became 
available  other  investigations  of  its  chemical  properties  were 
begun.  They  wanted  to  know  if  any  useful  substances  could 
be  produced  from  it  by  chemical  action.  More  than  a  dozen 
such  compounds  have  been  produced  and  they  find  a  sale  as 
solvents.  One  of  these,  diethylene  glycol,  is  used  in  a  nationally 
known  brand  of  cigarettes  to  keep  the  tobacco  moist.  Another, 
called  butyl  cellosolve,  is  used  in  a  number  of  window  clean¬ 
ing  fluids. 

As  a  result  of  the  work  on  ethylene  some  of  the  major  oil 
companies  began  to  investigate  the  gases  produced  in  their 
own  cracking  plants.  They  found  fairly  large  amounts  of  the 
gas  propylene. 
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By  means  of  simple  chemical  changes  it  was  possible  for  them 
to  produce  isopropyl  alcohol  from  this  gas. 
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isopropyl  alcohol 

While  this  alcohol  is  an  important  solvent  it  finds  still  greater 
application  in  the  production  of  acetone.  A  catalytic  process  is 
used  to  remove  two  hydrogen  atoms  from  each  molecule  of  the 
alcohol. 
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Acetone  is  used  in  extremely  large  amounts  as  a  solvent  for 
lacquers.  It  is  also  used  as  a  solvent  for  removing  fingernail 
polish  from  the  nails. 

When  isopropyl  alcohol  is  heated  with  sulfuric  acid  under 
the  proper  conditions  it  yields  isopropyl  ether. 

CH3  _  CH3  CH3  CH3 

h-^c— o;h+ho|— c^h  ->  H~C—0—C—H 

ch3  '  '  xch3  ch/  \:h3 

isopropyl  ether 

Further  investigation  showed  that  isopropyl  ether  could  be 
used  in  automobiles  for  fuel  and  that  it  has  remarkable  anti¬ 
knock  qualities.  Because  of  this,  military  airplanes  now  use 
some  gasoline  with  an  octane  number  of  100. 

Ethyl  Gasoline.  During  the  time  that  various  industrial 
concerns  were  doing  research  on  the  ways  to  use  ethylene  a 
major  change  took  place  in  the  field  of  automobile  fuels.  The 
antiknock  catalyst,  lead  tetraethyl,  was  discovered  and  devel¬ 
oped.  Like  other  important  discoveries  it  required  years  of 
research  and  the  expenditure  of  large  sums  of  money.  The  pro¬ 
moters  claim  to  have  spent  $3,000,000  on  this  discovery.  After 
they  had  all  of  the  detail  work  cared  for  and  they  were  sure  of 
their  product  it  became  necessary  for  them  to  look  about  for 
their  source  of  raw  materials. 

One  substance  used  in  the  manufacture  of  lead  tetraethyl  is 
ethyl  chloride.  Ethylene  proved  to  be  the  ideal  starting  mate¬ 
rial  from  which  to  make  this  since  it  gives  ethyl  chloride  at 
once  when  treated  with  hydrogen  chloride. 
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ethyl  chloride 

This  opened  up  a  new  outlet  for  ethylene  at  once  but  created 
a  tremendous  demand  for  hydrogen  chloride.  It  may  be  re¬ 
called  that  hydrogen  and  chlorine  unite  readily  to  produce 
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this.  Another  substance  necessary  for  the  satisfactory  produc¬ 
tion  of  lead  tetraethyl  is  sodium.  To  get  this  they  pass  elec¬ 
tricity  through  melted  sodium  chloride  (salt).  At  the  nega¬ 
tive  electrode  they  get  sodium  and  at  the  positive  electrode 
they  get  chlorine.  The  large-scale  application  of  this  process 
required  tremendous  amounts  of  research  before  it  was  satis¬ 
factory. 

The  use  of  lead  tetraethyl  in  automobiles  was  still  not  a  real¬ 
ity.  In  the  gasoline  along  with  the  lead  tetraethyl,  it  is  necessary 
to  put  ethylene  dibromide.  The  bromine  and  the  lead  combine 
during  the  combustion  in  the  cylinder.  This  renders  the  lead 
harmless  to  the  engine  and  to  people.  There  was  no  source  of 
bromine  which  could  begin  to  supply  the  demand  the  manu¬ 
facturers  hoped  to  create.  They  had  to  go  out  and  find  a  new 
supply.  Somewhere  they  read  that  the  water  in  the  ocean  con¬ 
tains  67  pounds  of  bromine  in  a  million  pounds  of  water. 
They  figured  there  was  a  lot  of  bromine  available  in  the  ocean 
and  they  went  after  it.  Getting  it  was  another  giant  problem. 
Again  research  brought  the  answer,  but  it  took  money  and 
time.  Now  they  take  1,500,000  pounds  of  bromine  from  the 
ocean  each  month. 

This  has  been  a  typical  story  of  research  but  still  it  is  not 
ended.  The  corporation  which  developed  lead  tetraethyl  be¬ 
lieves  in  continued  research  as  the  key  to  progress.  They  now 
expend  more  than  a  third  of  a  million  dollars  each  year  just  to 
pay  the  men  and  women  who  do  their  research. 

Mellon  Institute.  In  1907,  Robert  Kennedy  Duncan,  then 
professor  of  industrial  chemistry  at  the  University  of  Kansas, 
established  a  system  of  cooperation  between  the  university 
and  various  industries.  The  University  had  able  chemists  on 
the  staff  and  had  considerable  research  facilities.  Duncan,  who 
had  traveled  extensively  in  this  country  and  in  Europe,  was 
convinced  that  American  industry  suffered  from  confusion 
and  waste  so  far  as  chemical  information  and  guidance  were 
concerned.  He  proposed  that  the  universities  could  help  to 
correct  this  condition. 

The  first  of  these  cooperative  projects  had  to  do  with  a 
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study  of  the  chemistry  of  laundering.  A  definite  agreement 
was  drawn  up  concerning  the  financial  aid  to  be  donated  by 
the  manufacturer  of  laundry  material,  the  supervision  of  the 
project  by  the  University,  and  the  use  of  any  discoveries.  It 
is  of  considerable  importance  to  note  that  all  discoveries  were 
to  become  the  property  of  the  donating  manufacturer  and 
that  proper  financial  recognition  was  to  be  given  to  the  worker 
making  the  discovery. 

This  plan  was  found  to  be  satisfactory  both  to  the  cooper¬ 
ating  industry  and  to  the  University.  Soon  there  were  other 
“  Industrial  Fellowships  ”  at  the  University  of  Kansas.  They 
covered  such  widely  separated  fields  as  bread  making,  casein 
production  from  buttermilk,  constituents  of  petroleum,  enamel 
coatings  for  steel,  portland  cement,  finishes  for  wood,  and  the 
production  of  adrenalin. 

The  work  being  done  by  Duncan  came  to  the  attention  of 
the  late  Andrew  Mellon.  So  impressed  was  he  with  the  pos¬ 
sibilities  of  cooperative  university  and  industrial  research  that 
he  and  his  brother  brought  about  the  formation  of  a  depart¬ 
ment  of  industrial  research  at  the  University  of  Pittsburgh  in 
1911.  They  furnished  the  funds  for  a  small  building  and  under 
the  guidance  of  Professor  Duncan  they  set  up  a  system  of  in¬ 
dustrial  fellowships.  These  were  exceedingly  successful  from 
the  very  beginning.  In  1915  the  Mellon  family  built  a  large 
building  to  house  the  project  which  in  the  meantime  had  taken 
on  the  name  of  Mellon  Institute. 

From  the  research  done  at  Mellon  Institute  there  have  come 
several  industries  which  did  not  exist  before.  Untold  improve¬ 
ments  have  come  to  many  already  existing  firms.  The  story 
of  ethylene  glycol  for  antifreeze  is  a  chapter  taken  from  Mel¬ 
lon  Institute.  Such  success  has  caused  the  rapid  growth  of 
the  institute  and  in  1937  it  moved  into  a  building  which  cost 
the  Mellon  family  many  millions  of  dollars.  Within  the  build¬ 
ing  there  is  every  means  for  conducting  research.  During  1938 
there  were  86  fellowships  in  operation,  and  the  institute  em¬ 
ployed  altogether  more  than  250  trained  workers.  Many  of 
these  have  been  continuous  for  five,  ten,  fifteen  or  even  twenty 


CHEMICALS  FROM  FARM  CROPS  467 


years.  The  institute  spent  more  than  a  million  dollars  on  pure 
and  applied  research  during  that  year.  It  is  remarkable  that 
even  though  Robert  Kennedy  Duncan  died  in  1914,  his  origi¬ 
nal  ideas  have  prevailed  and  the  fellowships  operate  along  the 
lines  which  he  suggested. 

The  projects  accepted  for  study  are  not  concerned  with 
chemistry  alone.  We  find  them  investigating  such  things  as 
food  for  children,  heat  insulation,  fireproofing  materials,  cof¬ 
fee  making,  meat  tenderization,  air  purification,  and  treatment 
for  pneumonia.  All  of  these  are  allied  with  chemistry  and  ac¬ 
tually  represent  chemistry  at  work. 

Other  Research  Foundations.  The  usefulness  of  industrial 
fellowships  and  other  means  of  cooperation  between  industry 
and  the  universities  or  research  organizations  has  been  recog¬ 
nized  all  over  the  country.  Several  research  foundations  have 
been  organized  and  are  carrying  on  important  investigations. 
Among  these  are:  Battelle  Memorial  Institute  in  Columbus, 
Ohio;  Purdue  Research  Foundation  at  Purdue  University  in 
Indiana;  Armour  Research  Foundation  at  Armour  Institute  in 
Chicago;  Ohio  State  University  Research  Foundation;  and  the 
Institute  of  Paper  Chemistry  at  Appleton,  Wisconsin.  In  the 
main,  all  of  these  follow  the  general  plan  of  the  Mellon  Insti¬ 
tute  though  they  each  adapt  it  to  their  own  situations.  The 
aims  of  all  of  them  are  the  same;  they  desire  to  cooperate  with 
industry  to  the  benefit  of  the  industry  and  those  taking  part 
in  the  research. 

Federal  Research.  The  United  States  Government  sup¬ 
ports  the  largest  research  organization  in  the  world.  Under  the 
various  bureaus  we  find  scientists  working  with  foods  and 
drugs,  use  of  farm  crops,  fertilizer  materials,  national  defense, 
and  standards  of  production.  All  of  these  are  directly  con¬ 
cerned  with  chemistry.  Flowever,  there  are  still  other  bureaus 
which  conduct  research  and  which  employ  chemists  and  chem¬ 
ical  methods  to  a  considerable  extent.  The  various  branches 
and  fields  of  endeavor  are  entirely  too  many  to  attempt  de¬ 
scription  here. 

Chemicals  from  Farm  Crops.  Federal  research  is  attempt- 
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in g  to  find  an  answer  to  the  agelong  farm  problem.  The  farmer 
suffers  too  much  from  swollen  markets,  uncertain  weather, 
and  insects.  His  business  is  too  uncertain.  If  his  surplus  crops 
can  be  harvested  as  chemical  substances  he  may  stand  a  chance 
of  a  higher  average  income.  Already  government  research  is 
getting  results.  The  citrus  fruit  growers  find  that  their  surplus 
and  cull  fruit  is  being  used  to  produce  citric  acid  which  finds 
ready  sale  as  a  chemical.  An  important  compound,  -furfural ,  is 
being  made  from  waste  oat  hulls  by  a  manufacturer  of  break¬ 
fast  food.  Chemical  cellulose  is  being  made  from  the  crushed 
refuse  stalks  of  sugar  cane.  This  alone  may  result  in  a  tremen¬ 
dous  conservation  of  forest  timber.  A  recent  process  for  the 
production  of  a  high  grade  of  starch  from  sweet  potatoes  may 
help  to  solve  a  part  of  the  crop  problem  in  the  south. 

An  interesting  turn  of  governmental  research  has  had  to  do 
with  the  establishment  of  a  laboratory  for  the  investigation  of 
soy  beans.  This  bean,  introduced  from  the  Orient,  is  a  source 
of  many  valuable  substances.  Already  it  is  furnishing  oils  for 
paints,  plastics,  proteins,  and  waterproof  glue.  The  possibili¬ 
ties  appear  to  be  many. 

Quite  recently  the  Congress  of  the  United  States  has  author¬ 
ized  the  establishment  of  four  Regional  Laboratories  to  inves¬ 
tigate  farm  crops.  These  are  located  at,  or  near,  New  Orleans, 
Louisiana;  Peoria,  Illinois;  San  Francisco,  California;  and  Phil¬ 
adelphia,  Pennsylvania.  Construction  of  these  laboratories  has 
been  started  and  the  staff  is  being  slowly  organized.  By  the 
time  they  are  ready  for  operation  there  will  be  about  500 
chemists  ready  to  begin  their  duties.  Whether  these  labora¬ 
tories  will  furnish  a  satisfactory  answer  to  the  farm  problem 
remains  to  be  seen,  but  we  may  safely  predict  that  out  of  them 
will  come  a  number  of  things  which  will  be  of  great  benefit. 
Wherever  research  is  used  it  gets  results.  It  has  a  record  of 
more  than  paying  its  way. 

Biological  Research.  Throughout  this  book  we  have  taken 
advantage  of  every  opportunity  to  mention  the  part  which 
chemistry  is  taking  in  research  in  the  fields  of  biology  and 
medicine.  Centuries  ago  the  alchemists  and  others  sought  a 
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philosopher’s  stone  which  was  supposed  to  be  an  elixir  of  life. 
They  sought  supernatural  methods  whereby  they  could  hold 
onto  the  threads  of  life  just  a  little  longer.  Most  people  still 
have  those  same  desires.  However,  the  methods  of  obtaining 
longer  life  have  changed.  No  longer  is  the  answer  expected 
through  dealing  with  the  supernatural.  We  have  attained  a 
certain  measure  of  success  through  the  utilization  of  knowl¬ 
edge.  This  knowledge  has  been  gained  through  many  years  of 
difficult  and  complex  research.  Much  of  it  has  been  done  by 
biologists  and  physiologists  who  have  been  thoroughly  trained 
in  chemistry. 

The  bodies  of  men  and  animals  contain  the  most  interesting 
and  complex  chemical  laboratories  that  we  know  anything 
about.  All  of  the  raw  materials  used  in  these  laboratories  are 
taken  in  through  the  mouth  and  must  be  sorted  and  classified 
within  the  body  itself.  These  sorted  materials  are  then  sup¬ 
plied  to  the  proper  organs  where  they  may  be  utilized.  Up¬ 
sets  in  the  mechanism  may  be  expected.  The  causes  of  these 
upsets  and  the  remedies  for  them  are  learned  only  through  re¬ 
search.  We  have  pointed  out  that  these  are  sometimes  due  to 
a  lack  of  proper  food  and  sometimes  due  to  the  failure  of  a 
part  of  the  body  to  supply  the  proper  hormones.  The  entire 
field  of  medicine  and  medical  practice  is  concerned  with  this 
laboratory  in  the  body.  Much  research  has  been  done  and  a 
remarkable  amount  of  success  has  been  attained.  However, 
the  field  has  been  only  touched  and  far  more  remains  undone 
than  has  ever  been  accomplished. 

The  research  has  not  been  limited  to  men.  We  have  men¬ 
tioned  the  investigations  concerning  fertilizers  for  plants  and 
farm  crops.  These  have  increased  our  national  income  and 
have  conserved  our  resources.  However,  the  work  on  the  dis¬ 
eases  of  farm  animals  must  not  be  overlooked.  Biochemical 
methods  have  proved  valuable  in  this.  Such  research  is  ex¬ 
tremely  important  and  upon  it  hangs  a  vital  part  of  our  national 
economy.  Chemistry  is  securely  tied  to  all  types  of  research 
which  deal  with  life  processes.  It  is  thus  a  service  science  and 
through  such  service  it  attains  its  greatest  goal. 
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Scientific  Societies.  There  is  an  important  factor  in  scien¬ 
tific  research  which  is  not  apparent  to  one  outside  of  science  * 
work.  This  is  the  contribution  of  the  various  scientific  soci¬ 
eties.  There  are  many  of  these  in  all  countries  and  they  are  de¬ 
voted  to  the  various  fields  of  science.  Among  these  societies  are 
found  those  for  chemists,  biochemists,  biologists,  physiologists, 
physicists,  engineers,  etc.  Most  of  them  promote  publications 
which  are  made  up  chiefly  of  scientific  reports.  These  reports 
are  usually  in  the  form  of  carefully  worded  discussions  accom¬ 
panied  by  descriptions  of  experimental  methods  and  data. 
Thus  they  serve  as  historical  documents.  Since  they  are  usually 
indexed  and  cross  indexed  both  by  title  and  author  they  are  of 
inestimable  value  to  other  laboratory  workers.  Before  any  type 
of  research  reaches  the  laboratory  stage  it  is  necessary  that  all 
possible  publications  be  searched  to  see  what  has  already  been 
done.  Without  the  scientific  publications  there  would  be  end¬ 
less  repetition  of  laboratory  work  and  progress  would  be  ex¬ 
ceedingly  slow. 

The  largest  organization  of  chemists  in  the  world  is  the 
American  Chemical  Society.  It  was  founded  as  an  outgrowth 
of  a  group  of  chemists  who  visited  the  grave  of  Joseph  Priest¬ 
ley  in  Pennsylvania  in  1874  in  celebration  of  his  discovery  of 
oxygen  one  hundred  years  earlier.  On  April  6,  1876,  the  Amer¬ 
ican  Chemical  Society  held  its  first  meeting  in  New  York. 

It  is  a  striking  coincidence  that  this  date  was  the  two  hundredth 
anniversary  of  the  death  of  John  Winthrop,  Jr.,  who  estab¬ 
lished  the  first  chemical  industry  in  the  American  Colonies. 

From  the  small  group  of  35  men  and  women  who  formed 
the  first  organization,  the  American  Chemical  Society  has 
grown  to  a  giant.  It  now  has  more  than  25,000  members  and  is 
still  growing  rapidly  in  spite  of  more  rigid  requirements  for 
membership.  Its  activities  include  every  branch  of  the  science. 
Its  annual  budget  amounts  to  about  $600,000.  In  order  to  fur¬ 
ther  its  aims  it  holds  two  general  meetings  each  year  in  various 
parts  of  the  country.  Also,  it  fosters  almost  a  hundred  local 
sections  located  wherever  there  are  enough  chemists  to  justify 
the  effort. 
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One  of  the  chief  functions  of  the  American  Chemical  Soci¬ 
ety  is  the  publication  of  its  journals.  Of  these  there  are  three: 

( 1 )  The  Journal  of  the  American  Chemical  Society  pub¬ 
lishes  purely  scientific  articles  based  upon  data  obtained  by 
experiment.  The  articles  are  contributed  by  workers  all  over 
the  country  and  sometimes  from  foreign  countries.  Before 
being  accepted  for  publication  the  articles  must  be  read  by 
experts  in  the  particular  field  and  given  their  approval  as 
worthy. 

(2)  a.  Industrial  and  Engineering  Chemistry  is  published 
primarily  for  those  connected  with  industry  but  includes 
much  of  vital  interest  to  non-chemists.  It  deals  with  the 
progress  of  chemistry  at  work. 

b.  A  second  section  of  the  above  publication  is  sent  to  all 
members  of  the  society  and  is  called  the  News  Edition.  It 
carries  all  the  news  of  the  official  society  and  serves  to  keep 
the  members  informed  concerning  their  organization.  There 
are  in  it  some  articles  of  general  interest. 

c.  The  Analytical  Edition  is  a  third  section  of  Industrial 
and  Engineering  Chemistry .  It  is  entirely  devoted  to  ana¬ 
lytical  methods  of  chemistry.  These  methods  have  a  great 
value  in  the  control  and  standardization  of  processes  and 
products. 

(3)  Chemical  Abstracts  is  just  what  its  name  implies. 
During  1938  this  publication  carried  more  than  65,000  short 
abstracts  of  chemical  and  other  scientific  articles  which  were 
published  in  more  than  1500  journals  all  over  the  world. 
These  abstracts  carry  the  name,  volume,  page,  and  year  of 
the  journal  in  which  the  original  article  may  be  found.  There 
is  frequently  enough  information  given  in  the  abstract  to 
make  it  unnecessary  to  seek  the  original  journal.  To  further 
aid  research  workers  these  abstracts  are  carefully  indexed 
according  to  an  easily  understandable  system. 

Future  Progress.  In  the  light  of  the  present  we  can  only 
predict  continued  progress  in  chemistry.  We  are  no  longer 
surprised  by  any  new  discoveries  because  they  have  become 
so  commonplace;  we  rather  look  forward  to  them  and  expect 
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them.  There  are  yet  uncountable  unanswered  problems  and 
during  the  seeking  for  an  answer  many  more  problems  will  be 
brought  to  light.  It  has  become  to  the  chemists  a  great  and 
absorbing  game.  Those  on  the  sidelines  need  to  know  where 
the  goals  are  and  some  of  the  rules.  It  is  hoped  that  this  book 
has  made  its  contribution  to  this  end. 
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Acetaldehyde,  374 
Acetic  acid,  375 
Acetylene,  356 
chemical  activity  of,  356 
Acids,  142 
defined,  143 
organic,  375 
Addition  reactions,  365 
Adrenalin,  441 
Air, 

a  mixture,  38 
conditioning,  116 
effect  of  pressure  on,  20 
liquefaction  of,  34 
study  of,  by  Boyle,  20 
Alchemists,  34 
Alcohol,  366 
denatured,  367 
ethyl,  368 
fermentation,  369 
methyl,  367 
motor  fuels,  304 
synthetic,  367 
wood,  102,  108,  367 
Allotropic  forms,  119 
Alpha  particles,  184,  194 
deflection  by  nucleus,  184 
from  radium,  194 
path  in  air,  185 
Aluminum,  283 
Amino  acids,  427 
American  Chemical  Society,  470 
publications  of,  470 
Ammonia,  synthetic,  102,  108,  259 
energy  for,  261 
Amorphous  substances,  119 
Ampere,  168 
Amylopsin,  415 
Amytal,  448 
Analysis, 


qualitative,  89 
quantitative,  89 
Androsterone,  442 
Anesthetics,  373 
Antic  hlor,  213 
Antifreeze,  131,  462 
Argon,  58 
uses,  59 
Aristotle,  12 

Aromatic  hydrocarbons,  358 
Ascorbic  acid,  436 
Aspirin,  446 
Atmosphere, 

composition  of,  62 
pressure  of,  22 
Atom  smashers,  196 
Atomic, 

hydrogen  flame,  101,  108 
numbers,  183 
structure,  188 

and  chemical  combinations,  189 
theory,  73 
weights,  85 
table  of,  86 

Atoms,  relations  between,  177 
Automobile  tires,  353 
Aviation  gasoline,  331 
Avogadro, 
law  of,  81,  96 
number,  88 

Bacon,  Roger,  15,  18 
Bakelite,  393 
formation  of,  394 
Baking  powder,  211 
Baking  soda,  209 
Barbituric  acid,  448 
Barometer,  21,  35 
Bases,  143 
defined,  145 
Beet  sugar,  409 
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Bemberg,  42 1 
Benzedrine,  449 
Benzene,  357 
Beta  particles,  194 
Bile,  393 

Biological  research,  469 
Black  powder,  264 
Blast  furnace,  285 
chemical  changes  in,  287 
iron  from,  288 
Bleaching  agents,  214 
Boiling  point,  113,  121 
Boyle,  Robert,  15,  18 
and  modern  chemistry,  16 
law  of,  20,  29,  35 
Bricks,  228 
Butane,  324 

By-products  from  coal,  318 

Calorie,  100 
Cane  sugar,  406,  409 
Cannizzaro  and  gas  molecules,  81 
Capillary  attraction,  112 
Carbohydrates,  404 
as  foods,  414 
digestion  of,  415 
Carbon, 

atom  structure,  340 
black,  320 
uses  of,  321 
in  tires,  353 
dioxide,  311 
in  air,  55 
in  beverages,  56 
as  dry  ice,  56 
in  fire  extinguishers,  313 
in  kitchen,  56 
in  nature,  313 
preparation  of,  57 
sources  of,  57 
monoxide 

from  automobiles,  310 
from  fuels,  309 
poisoning  by,  309 
reaction  with  water,  105 
Carborundum,  232 
Carotene,  434 
Carrel-Dakin  solution,  215 
Catalysis,  100 
Catalysts,  50,  56 
Catalytic  agents,  100 
Celanese,  377,  421 
care  of,  422 


Cellophane,  420 
Celluloid,  418 
Cellulose,  416 
acetate,  42 1 
as  food,  416 
glucose  from,  416 
reaction  with  water,  416 
Celsius,  temperature  scale,  23 
Cement,  230 

Centigrade,  temperature  scale,  23,  35 
Ceramics,  228 
Charles,  law  of,  24,  35 
Chaulmoogra  oil,  451 
Chemical  changes,  50 
energy  changes  during,  50 
Chemical  combinations  and  atomic 
structure,  189 
Chemical  equations,  92 
Chemical  symbols,  84,  96 
Chemical  formulas,  85 
Chemistry, 
definition,  51 
early  records  of,  9 
Chilean  nitrate,  54 
Chinawood  oil,  387 
Chlorine,  216 
as  antiseptic,  215 
as  bleaching  agent,  213 
and  disease,  215 
organic  compounds  of,  363 
in  war  gases,  216 
for  water  supplies,  155,  216 
Chlorophyll,  301 
a  catalyst,  56 
Chloropicrin,  380 
Citral,  378 
Coal,  316 

by-products  from,  318 
formation  of,  303 
gas  from,  317 
liquids  from,  332 
tar  from,  319 
Cocaine,  450 
Coke,  317 
Colloids,  125,  134 
Combining  number,  90 
Combining  weights,  91 
Combustion,  40 
spontaneous,  42 
Condensation,  heat  of,  33 
Conservation  of  energy,  70 
Contact  process,  242 
Cornstarch,  411 
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Corn  sugar,  408 
Coulomb,  168 
Covalence,  191 

Critical  temperature,  31,  35,  110 
Curie,  Madame,  193 

Dalton, 

atomic  theory  of,  73 
law  of  multiple  proportions,  71 
Davy, 

metals  by  electrolysis,  168 
Decay,  41 

Definite  composition,  law  of,  71 
Deuterium,  107 
Dextrimaltose,  414 
Dextrin,  413 
Dextrose,  405 
in  the  body,  406 
Diabetes,  414 
Diastase,  371,  413 
Digestion,  summary  of,  429 
Disaccharides,  405 
Dreft,  391 
Drugs,  445 
Dry  ice,  56 

Dust  explosions,  42,  308 
Dynamite,  263 

Eastman  Kodak  Co.,  460 
Egypt,  chemistry  in,  13,  18 
Electric  furnace,  295 
Electricity,  units  of,  168 
Electrolysis  of  solutions,  168 
Electrolytes,  behavior  of,  138,  149 
Electrolytic  processes,  211 
Electrons,  182 

affinity  of  elements  for,  202 
Electrovalence,  191 
Elixir  of  life,  14 
Energy,  kinetic,  29 
Enzymes,  370 
Ephedrine,  449 
Equilibrium,  105 
Equivalent  weight,  169 
Ergosterol,  437 
Esters,  377 
Ethane,  323,  342 
Ether,  373 
Ethylene,  345 
glycol,  462 

reaction  with  hydrogen,  347 
series,  347 

structure  of  molecule,  346 


Evaporation,  112,  121 
heat  of,  114 
Explosives,  54,  263 
industrial,  265 

Fahrenheit,  scale  of  temperature,  23, 
35 

Faraday,  laws  of  electrolysis,  170 
Farm  crops,  chemicals  from,  467 
Fats,  384 
for  cooking,  385 
digestion  of,  392 
as  foods,  392 
hydrogenation  of,  386 
natural,  377 
unsaturated,  385 
Fermentation,  369 
Fertilizers,  54 
industry  of,  269 
sources  of,  269 
Fire  extinguishers,  313 
Flavors,  377 
Formaldehyde,  374 
in  resins,  393,  400 
Formalin,  374 
Formic  acid,  375 

Formulas  from  percentage  composi¬ 
tion,  89 

Formula  weights,  90 
Fractional  distillation,  324 
Frasch  process,  236 
Freezing  mixture,  149 
Freezing  point,  118 
Freon,  363 
Fuels,  300 
burning  of,  40 
conversion  to  heat,  307 
from  farm  crops,  304 
heat  value  of,  305 
liquids  and  gases  as,  308 
products  of  combustion,  309 
table  of,  332 

Galileo,  and  thermometer,  22 
and  weight  of  air,  20 
Gall  bladder,  393 
Galvanized  iron,  41,  217 
Gases, 

combining  volumes  of,  80 
diffusion  of,  27 
as  fuels,  320 

kinetic  theory  of,  30,  35 
liquefaction  of,  31 
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and  liquids,  110 
movement  of  molecules  in,  27 
natural,  320 
pressure  of,  27 
solubility  of,  128 
temperature  effect  on,  26,  28 
volume  changes  with  temperature, 
24 

Gasoline,  324 
antiknock,  328 
for  aviation,  330 
by  cracking,  327 
octane  number,  329 
polymer,  328,  349 
production  of,  326 
Gay-Lussac,  and  volume  change,  24 
Glass,  222 
annealing  of,  227 
discovery  of,  11 
early,  11 

heat  resistant,  226 
kinds  of,  224 
optical,  227 
Glucose,  406 
from  starch,  406 
Glycerin,  372,  389 
Glycogen,  414 
Gram-molecular  volume,  87 
Gram-molecular  weight,  87 
Guncotton,  264,  418 
Gunpowder,  264 

Hard  water,  156 
effect  on  soap,  156 
removal  of  hardness,  159 
types  of  hardness,  157 
Heat, 

of  condensation,  33,  114 
of  evaporation,  114 
of  fusion,  117 
of  solidification,  117 
units  of,  100 
Heavy  hydrogen,  107 
Heavy  water,  107 
Helium,  59 
discovery,  59 
production,  61 
uses,  61 

Helium  atom,  186 
Homologous  series,  339 
Hormones,  440 
sex,  441 
Hydrates,  148 


Hydrocarbons,  323,  337 
acetylene  series,  356 
benzene  series,  357 
ethylene  series,  347 
methane  series,  342 
saturated,  339 
unsaturated,  342,  345 
Hydrocarbon  derivatives,  362 
Hydrochloric  acid,  217 
Hydrogen,  99 
atom  structure,  187 
flame  of,  101 
preparation  of,  104 
from  acids,  106 
from  bases,  107 
from  petroleum,  107 
union  with  oxygen,  99 
Hydrogenation  of  fats,  102,  108 
Hydronium  ions,  146 
Hypo,  213 

Indicators,  145 
Insulin,  414 
Intermediates,  319 
Ionization, 
examples  of,  139 
heat  of,  148,  150 
theory  of,  138 
Ions, 

charge  on,  167 
hydration  of,  146 
Iron, 

metallurgy  of,  284 
pig,  288 

reduction  of  ore,  284 
steel,  290 
wrought,  285 
Irradiated  foods,  437 
Isomers,  343 
defined,  345 
Isoprene,  353 
Isotopes,  107,  193 
of  chlorine,  193 
of  hydrogen,  193 

Kilogram,  76 
Kindling  temperature,  43 
Kinetic  theory,  30,  35 
Krypton,  62 

Lacquers,  419 
Lactase,  415 
Lactose,  410 
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Latex,  351 
Lavoisier, 

and  combustion,  40 
and  phlogiston,  17 
Lead  chamber  process,  243 
Lead  tetraethyl,  329,  364 
Leprosy,  451 
Levulose,  405,  408 
Lewisite,  381 
Lignin,  416 
Linseed  oil,  386 
boiled,  387 
Liquids, 
miscible,  127 

surface  tension,  111,  120 
Lucite,  399 

Ma  huang,  449 
Malt,  370 
Maltase,  415 
Maltose,  371,  410,  413 
Mass,  76 
Matter, 

electrical  nature  of,  181 
law  of  conservation  of,  72 
states  of,  110,  120 
Measurements, 
units  of,  75 
metric  system,  75 
Mellon  Institute,  465 
Melting  point,  118 
Mendeleeff,  periodic  table,  172 
Mercerized  cotton,  423 
Metallurgy,  281 
Metals,  142,  279 
early,  10,  17 
from  ores,  281 
from  ores  by  hydrogen,  103 
ores  of,  280 

position  in  periodic  table,  176 
reaction  with  water,  104 
Meter,  76 
Methane,  323,  342 
molecule  of,  341 
Methanol,  367 
Milk,  souring  of,  410 
Molecular  attraction,  111 
Molecular  weights,  87 
Molecules,  28 
elasticity  of,  29 
motion  in  solids,  119 
reactions  between,  82,  96 
Monosaccharides,  405 


Mortar,  230 

Moseley,  atomic  numbers,  183 
Mother  of  vinegar,  376 
Mustard  gas,  381 

Neoarsphenamine,  455 
Neon,  62 

Neutralization,  144,  149 
defined,  145 
heat  of,  148 
Neutron,  186 
in  nucleus,  187 

Newlands,  law  of  octaves,  172 
Nitric  acid,  262 
Nitrocellulose,  263,  417 
Nitrogen,  38,  53 
chemical  properties  of,  51 
compounds  of,  54 
cycle  in  nature,  254 
in  explosives,  255 
in  fertilizers,  270 
importance  of,  253 
properties  of,  51 
sources  of  compounds,  255 
synthetic  compounds  of,  55 
transmutation  of,  197 
Nitrogen  fixation,  256 
by  bacteria,  256 
by  cyanamide,  258 
by  electrical  discharge,  256 
by  synthetic  ammonia,  259 
Nitroglycerin,  263 
Nonmetals,  142 
Novocaine,  450 
Nuclear  charge,  185 
Nylon,  356,  422 

Octane  number,  329 

Ohm,  168 

Ores, 

concentration,  281 
floatation,  281 
reduction,  282 
roasting,  281 
Organic  acids,  375 
Organic  chemistry,  362 
Osmosis,  131 
in  our  bodies,  133 
Osmotic  pressure,  131,  134 
Oxygen,  38 
in  air  travel,  45 
in  anesthesia,  44 
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discovery,  39 
in  pneumonia,  43 
production  of,  47 
for  laboratory  use,  48 
from  air,  47 
from  water,  47 
reactions  of,  94 
uses  of,  43 
in  welding,  46 

Paint,  350,  386 
pigments  for,  387 
Pancreas,  393 
Pancreatic  juice,  393 
Paper,  423 
formation  of,  425 
pulp  for,  424 
Paracelsus,  11,  15 
Paraffin,  325 
Peat,  303 
Pellagra,  438 
Pentane,  324 
Pep  pills,  448 
Pepsin,  429 
Peptones,  429 
Perfumes,  378 

and  the  chemist,  380 
rose,  378 
violet,  379 
Periodic  table,  173 
and  chemical  activity,  177,  181 
families  of,  174 
irregularities  of,  174 
uses  of,  175 
Permutit,  160 
Petroleum,  323 

coal  tar  compounds  from,  350 
cracking  of,  327 
from  coal,  332 
future  of,  331 
origin  of,  303 
refining  of,  324 
uses  of  fractions,  324 
Phenacetin,  447 
Philosophers,  age  of,  12 
Philosophers’  stone,  14,  18 
Phlogiston,  theory  of,  16,  18,  39 
Phosgene,  310,  380 
Phosphoric  acid,  271 
Phosphorus  sources,  270 
Photosynthesis,  300 
chemical  changes  in,  301 
Planetary  electrons,  186 


Plant  food,  266 
primary,  267 
secondary,  268 
Plant  products  as  fuels,  303 
Plaster,  230 
Plasticizers,  398 
Plastics,  393,  401 
Polymer  gasoline,  349 
Polymorphous  substances,  119 
Potash,  273 
Potassium  sources,  273 
Pottery,  228 
glaze  on,  229 
Pregnandiol,  444 
Prestone,  371 

Priestley,  Joseph,  16,  18,  39 
Procaine,  450 
Producer  gas,  321 
heat  value  of,  333 
Progesterone,  444 
Propane,  323,  342 
Proteins,  426 

complexity  of,  428 
digestion  of,  428 
Proteoses,  429 
Proton,  183 
in  nucleus,  187 
Provitamin  A,  434 
Ptyalin,  415 
Pulp,  424 
soda,  425 
southern  pine,  425 
sulfite,  425 
uses,  426 

Pyroxylin,  264,  418 

Quartz,  221 
Quicklime,  229 

Radicals,  366 
Radioactive  sodium,  198 
Radioactivity,  194 
induced,  197 
uses,  198 
Radium,  193 

decomposition,  194 
Radon,  195 
Raoult,  law  of,  130 
Rayon,  420,  422 

Refinery  gases,  chemicals  from,  467 
Research,  457 
Federal,  467 
foundations,  467 
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Resins, 
acrylic,  398 
alkyd,  396 
styrene,  399 
synthetic,  393 
urea,  400 
vinyl,  399 
Respiration,  43 
Riboflavine,  436 
Rickets,  437 
Roses,  attar  of,  378 
Rose  water,  378 
Rosin,  393 
Rubber,  351 
Buna,  355 
Perbunan,  355 
synthetic,  354 

unsaturated  hydrocarbon,  353 
vulcanizing,  352 
Rusting,  41 

Rutherford,  and  atomic  structure, 
184 

Safety  glass,  399,  419 
Salt, 

crystals  of,  140,  146 
meaning  of  term,  167 
uses  of,  166 
Salvarsan,  454 
Saponification,  389 
Saturated  hydrocarbons,  342 
Scheele,  discovery  of  oxygen,  39 
Scientific  method,  15 
Scientific  societies,  470 
Semipermeable  membranes,  132 
Semi-water  gas,  323 
Sex  hormones,  441 
Shellac,  393 
Silica,  222 
Silicon,  221 
Silicon  carbide,  232 
Silk,  419 
artificial,  419 
bemberg,  421 
cuprammonium,  421 
viscose,  420 

Smokeless  powder,  264 
Sneeze  gases,  380 
Soap,  388 

and  hard  water,  391 
soapless,  391 
Sodium, 

action  with  water,  203 


carbonate,  206 

by  electrolysis,  211 
uses,  212 
hydroxide,  205 
reaction  with  chlorine,  204 
uses,  205 

Sodium  hypochlorite,  214 
Sodium  sulfite,  213 
Sodium,  radioactive,  198 
Solids,  evaporation  of,  119 
Solute,  124,  133 
Solubility,  126,  134 
Solutions,  123 
abnormal,  137,  149 
boiling  points  of,  129,  134 
definition  of,  124,  133 
of  electrolytes,  137,  149 
freezing  points  of,  130,  134 
osmotic  pressure  of,  131,  134 
saturated,  125,  133 
supersaturated,  125,  134 
Solvay  process,  207 
Solvent,  124,  133 
Soy  beans,  468 
Spontaneous  combustion,  42 
Standard  conditions,  26,  35 
Starch,  411 
chemistry  of,  413 
formula  of,  413 
from  corn,  411 
reaction  with  water,  413 
Steapsin,  393 
Stearin,  384 
Steel,  290 
alloy,  295 
Bessemer,  290 

chemical  changes  in  manufacture, 
293 

electrical  furnace,  295 
open-hearth,  292 
tool,  296 

Structure  of  atoms,  188 
Styron,  399 
Sucrase,  415 
Sucrose,  409 
Sugars,  405 
beet,  409 
cane,  409 
sweetness  of,  411 
Sulfanilamide,  452 
Sulfapyridine,  453 
Sulfur,  235 
allotropic  forms,  248 
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chemistry  of,  248 
compounds  of,  247 
dioxide,  242,  249 
uses,  246 
mining  of,  236 
uses,  246 

Sulfuric  acid,  239 
manufacture,  241 
uses,  240 
Sun-tan,  437 
Superphosphate,  271 
Surface  tension,  111,  120 
Suspensions,  colloidal,  125,  134 
Symbol  weights,  92 
Syphilis,  454 

Tear  gases,  381 
Temperature, 
critical,  31,  35 
scales  of,  23 
Testosterone,  443 
Theelin,  443 

Theories,  importance  of,  30 
Thermite,  282 
Thermometer,  22,  35 
Thermos  bottle,  34,  36 
Thiamin,  435 
Thyroid,  440 
Thyroxin,  440 

Torricelli,  and  barometer,  22,  35 
Transmutation  of  elements,  14,  195 
Trinitrotoluene  (T.N.T.) ,  264 
Trypsin,  429 
Tung  oil,  387 
Tyndall  effect,  126 

Unsaturated  compounds  in  nature, 
350 

Valence,  91,  190 
covalence,  191 
electro  valence,  191 
and  position  in  periodic  table,  177 
relation  to  electricity,  170 
Vapor  pressure,  114 
of  water,  116,  121 
Varnish,  388 
Vaseline,  325 
Vinegar,  376 
Vinylite,  400 


Viosterol,  437 
Viscose,  420 
Vitamins,  434 
A,  434 
Bx,  435 
B2,  436 

C,  436 

D,  437 

E,  437 
K,  439 

Vulcanization,  352 
accelerators,  352 

War  gases,  216,  380 
Water, 

bacteria  in,  161 
composition  of,  68 
decomposition  of,  68 
energy  of,  69 
diseases  carried  by,  153 
electrolysis  of,  69 
filters  for,  154 
hardness  of,  156 
removal,  157 
softening,  158 
purification,  153 
reactions, 
with  carbon,  105 
with  metals,  105 
requirements  for  drinking,  152 
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